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I. Introduction substance found in the venous blood of ischemic kidneys
was the same as that formed when renin was incubated

IN 1934, Goldblatt and his co-workers (392) reported with blood proteins. This peptide was called either “an-

that persistent arterial hypertension could be produced giotonin” (861) or “hypertensin” (129) until 1958 when

by constriction of the renal artery and suggested that a the compromise term “angiotensin” was suggested (130).

circulating pressor substance of renal origin served as a After synthetic angiotensin became available in 1957

mediator of the hypertension. It was soon determined (162), it was discovered that the compound possessed

that the substance “renin,” which was originally de- numerous pharmacologic activities, each of which could

scribed as a pressor agent of renal origin (1094), was contribute to the elevation and maintenance of blood

actually an enzyme that catalyzed the formation of a pressure (61, 82, 92, 108, 275, 544, 545, 575, 580, 599, 789,

peptide with potent vasoconstrictor properties (861). 863, 879, 998, 1162, 1272).

Braun-Men#{233}ndez et a!. (129) confirmed that the pressor With the development of sensitive radioimmunoassay
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techniques for the measurement of angiotensin I(AI) and

angiotensin II(AII) a great volume ofliterature appeared

concerning the physiologic control of renin release and

its relationship to human hypertension. In the course of

these studies it became apparent that the amount of

renin circulating in the blood was the major rate-limiting

step in the formation of All. Finally, interest in the

relationship between the renin-angiotensin system and

hypertension was spurred by the advent of selective

competitive antagonists of All in the early 1970s (698,

872, 1244). These receptor blocking agents soon became

a major tool in defining the role of angiotensin in exper-

imental [see Davis et al. (257) for a review] and clinical

(151, 152, 895, 1057) hypertension. As clinical and exper-

imental studies on the role of the renin-angiotensin sys-

tem in the etiology of hypertension have progressed, it

has become apparent that antihypertensive drugs and

other therapeutic agents alter the rate at which renin is

released from the kidney. More important, these drug-

induced changes in circulating renin activity can limit or

alter the pharmacologic response to antihypertensive

agents.

Despite the fact that the scientific literature concern-

ing the physiology and pharmacology of renin release is

voluminous, a critical evaluation of the mechanisms by

which drugs alter renin release has not been published to

date. It has been some time since Braun-Menendez (128)

and Peart (881) reviewed the subject of renin release in

this JOURNAL, and these reviews dealt more with the

pharmacology of All. An excellent review has been pub-

lished recently concerning the physiologic control mech-

anisms governing renin secretion (256), but the authors

have emphasized the effect of physiologic perturbations

on the rate of renin release rather than the mechanisms

by which drugs alter renin release. The importance of

renin in the etiology and treatment of hypertension, the

publication during the past 20 years of a large volume of

primary research data concerning the mechanisms that

control renin release, and the alterations of renin release

induced by a wide spectrum of drugs indicate that a

review of the mechanisms by which pharmacologic

agents affect renin release is timely and appropriate.

This review consists of a survey of the literature

through 1979.

A. Scope and Definitions

We wifi use the term “renin release” to indicate the

movement of renin molecules from the granular juxtaglo-

merular cells of the kidney, where renin is synthesized

and stored, into the blood flowing through the afferent

glomerular arteriole. By the strictest definition, renin

secretion is the “minute output of renin by the kidney

into the renal vein” (256), and is calculated by multiply-

ing the renin plasma flow times the renal vein plasma

renin activity minus the aortic plasma renin activity.

Here the term “renin secretion” will be used only when

true secretion rates have been determined or when renin

is secreted from renal tissue slices in vitro.

In our analysis of reports of primary data, we have

assumed that changes in plasma or serum renin activity,

as measured in samples of peripheral blood, are a faithful

reflection of changes in the amount of renin released into

the renal afferent arterioles. Furthermore, we have used

the word renin to refer to the proteolytic enzyme released

from the kidney and not the renin isozymes found in

other tissues such as the uterus (85), brain (374a), and

salivary gland (1203). Renin also has been identified in

the arterial wall and a portion of this renin is of renal

origin (1093a).

It has been impossible to include each report that has

dealt with the changes in renin release caused by certain

drugs, e.g. furosemide, because of the enormous number

of papers published. We have attempted to examine in

detail those papers that 1) provide historical perspective,

2) delve into the mechanism by which certain drugs alter

renin release, or 3) include comparisons between different

drugs or classes of drugs. With regard to animal studies,

we have stressed those experiments performed with

conscious animals since anesthesia causes artifactual

changes in renin release that can and have complicated

the interpretation of experimental results. Finally, areas

in which further experimentation is required to clarify

the mechanisms by which certain drugs alter renin secre-

tion have been pointed out with the hope of stimulating

new investigations into this fascinating subject.

B. Abbreviations

Al = angiotensin I

All = angiotensin II

AVP = arginine vasopressin

ECF = extracellular fluid

GFR = glomerular filtration rate

JG = juxtaglomerular

MAP = mean arterial pressure

PG = prostaglandin

PRA = plasma renin activity

PRC = plasma renin concentration

RBF = renal blood flow

RPF = renal plasma flow

SHR = spontaneously hypertensive rat

SRA = serum renin activity

SRC = serum renin concentration

C. Anatomy of the Juxtaglomerular Apparatus

A brief description of the anatomical relationship of

the structures comprising the juxtaglomerular apparatus

or complex is prerequisite for any discussion of the mech-

anisms controlling renin release. More detailed descrip-

tions of the anatomy of the juxtaglomerular apparatus
may be found elsewhere (51-53, 81, 447, 450, 636, 820).

Each nephron has a region known as the juxtaglomerular

(JG) apparatus, which is composed of 1) granular cells,

2) the macula densa, 3) agranular cells, and 4) mesangial

cells (fig. 1).

The granular JG cells, which synthesize, store, and

secrete renin, are differentiated smooth muscle cells that
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FIG. 1. The anatomical relationship of the granular juxtaglomerular cells, which synthetize and release renin, and the afferent arteriole, renal

sympathetic nerves, and the macula dense cells of the distal tubule. This figure is adapted from Barajas et al. (51, 52, 53) and Netter (789a).

are usually found in the media of the renal afferent

arteriole just adjacent to the glomerulus. Granular JG

cells are sometimes found in the wall of the efferent

arteriole and among the mesangial cells, but their pres-

ence in the afferent arteriole is more prominent. Myofi-

brils, which are characteristic of vascular smooth muscle

cells, are observed in the granular JG cells. The granules

found in these cells are relatively homogeneous and dense

and are membrane bound. The granular JG cells have a

well-developed endoplasmic reticulum and Golgi mem-

branes, cytologic characteristics that are consistent with

an endocrine function. The renal sympathetic nerves

innervate the granular JG cells (fig. 1).

The macula densa segment of the distal tubule, a

specialized group of heavily nucleated cells located on

the glomerular side of the tubule, always lies in close

contact with the vascular pole of the glomerulus from

which the tubule originates (fig. 1). The cells of the

macula densa, which may be columnar or cuboidal de-

pending on the species studied, mark the transition from

the ascending limb of the loop of Henle to the distal

tubule. As the ascending limb of the ioop of Henle

approaches the glomerulus, it runs parallel with the

efferent arteriole for some distance and then comes into

brief contact with the afferent arteriole before becoming

the convoluted portion of the distal tubule. The cells of

the macula densa are in close contact with the granular

JG cells of the afferent arteriole.

In the angle formed by the entrance of the afferent

arteriole and the exit of the efferent arteriole of each

glomerulus is a cell mass, termed the Polkissen or “polar

mass,” consisting mostly of agranular and occasional

granular cells. These agranular JG cells are continuous

with the cells composing the wails of the afferent and

efferent arterioles, where they may replace some of the

vascular smooth muscle cells, and they are in close con-

tact with the macula densa. Like the granular JG cells,

the agranular JG cells retain some of the cytologic char-

acteristics of vascular smooth muscle cells. This JG cell

mass extends to the glomerulus and becomes continuous

with the mesangium of the glomerulus, i.e. the thin

membrane that helps support the capillary loops in the

glomerulus. A dense matrix between the cells of the JG

apparatus binds them together in a compact mass closely

adhering to the arterioles.

It also should be pointed out that at the hilus of the

glomerulus, both the afferent and efferent arteriole have

a lumen that is about two to five times the thickness of

the vascular wail, but the wall of the efferent arteriole

quickly thins to the point that the vessel resembles a

thin-walled venule. The efferent arteriole then courses

for some distance before branching into the peritubular

capifiaries.

D. Renin

A brief description of the enzymic steps involved in the

renin-angiotensin system is an important prerequisite for

readers not familiar with the subject of renin release.

Renin is a proteolytic enzyme of approximately 40,000

mol. wt. that is released into the blood stream in response
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to certain physiologic stimuli. Once in the blood, renin

cleaves the leucyl-leucine bond that joins the amino-

terminal decapeptide Al to the remainder of the renin

substrate (also called angiotensinogen). Renin is synthe-

sized and stored in the JG cells that line the afferent

glomerular arteriole (fig. 1) whereas renin substrate (ap-

proximately 60,000 mol. wt.) is produced in the liver and

is widely distributed in the blood and other extracellular

fluids. After Al is released from renin substrate, convert-

ing enzyme (also known as kininase II) removes two

amino acid residues from its carboxy-terminus to yield

All. The conversion of Al to All was thought to occur

predominantly in lung tissue, but it is now known that

this reaction occurs in vascular endothelium (175a, 529a)

throughout the body. In recent years, it has been discov-

ered that the heptapeptide des-Asp-All, which is formed

from All in vivo, also possesses many of the pharmaco-

logic actions of All. Goodfriend et a!. (396) and later

investigators (177) have suggested that the heptapeptide

des-Asp-All be called angiotensin III.

Angiotensin II has a very short half-life (�-30 sec) in

the blood (331) and its continued production is dependent

on the presence of renin substrate and renin. However,

the concentration of remn substrate in the blood is usu-

ally constant, and, in point of fact, it is the amount of

renin circulating in the blood that is the major rate-

limiting step in the production of All in vivo. On the

other hand, despite the fact that renin has a much longer

half-life in the circulation (-4 to 15 mm) (401, 421, 746,

813, 846, 894), a constant stimulus still is required to

chronically increase the rate of remn release from the

kidney.

Those readers interested in a more comprehensive

review of the biochemistry of the renin-angiotensin sys-

tem should consult Erdos (313) and Peach (878).

E. Brief Description of the Pharmacology of

Angiotensin II

The octapeptide All is a potent compound that has

numerous pharmacologic effects, all ofwhich are directed

at increasing blood pressure. Its principal effect is that of

vasoconstriction due to a direct action on vascular

smooth muscle. In addition, All increases cardiac con-

tractiity in vitro both by a direct action on the myocar-

dium (108, 599) and by poter�tiating the release of nor-

epinephrine from the cardioaccelerator nerves (108,

1036). By an action in the central nervous system, All

elicits an increase in efferent nerve activity to the periph-

era! sympathetic nervous system that results in an in-

crease in cardiac output and total peripheral resistance

(998), the two major determinants of blood pressure.

Since the area postrema, which has been identified as

one site of action of the central cardiovascular effects of

All (545), lies outside the blood-brain barrier, circulating

All has the potential to elicit these central nervous

system-mediated events (1162). In addition, All has re-

markable dipsogenic effects when injected into the yen-

tricular system of the brain (1006), but it is not known at

this time whether circulating All has free access to the

receptors involved. In addition to increasing efferent

sympathetic nerve activity through an action in the

central nervous system, All also can modulate the activ-

ity of the sympathetic nervous system in other ways.

Angiotensin causes the release of epinephrine and nor-

epinephrine from the adrenal medulla (879), facilitates

the release of norepinephrine from the peripheral sym-

pathetic neurons (1272), and blocks the uptake of nor-

epinephrine by peripheral sympathetic neurons (580).

Aside from its vasoconstrictor effects, the best known

and most widely studied action of All is its ability to

increase steroidogenesis in the zona glomerulosa of the

adrenal cortex (61, 92). This action results in the in-

creased production of the mineralocorticoid aldosterone

(61, 92), which in turn acts in the distal tubule of the

kidney to increase the reabsorption of sodium. As total

body sodium increases, water reabsorption is increased

and extracellular fluid volume is expanded. Along these

same lines, All itself possesses direct antinatriuretic ef-

fects at the tubular level when administered in small

doses (789).

All of these effects of All help to restore and maintain

blood pressure when the body is threatened by hypovo-

lemia and/or hypotension. Each of these effects of All

has a different response time and a different amount of

gain in the maintenance of blood pressure. Thus, the

direct and indirect “pressor” effects of All represent a

major homeostatic mechanism involved in the long-term

maintenance and control of blood pressure. Against this

background, it is apparent that drug-induced alterations

of renin release are of great importance in experimental

and clinical medicine.

F. Measurement ofPlasma (Serum) Renin Activity

and Plasma (Serum) Renin Concentration

Plasma renin activity is a measure of the ability of

plasma to generate Al in vitro given the amount of renin

and renin substrate present in the plasma sample (121,

429, 495). Plasma renin activity is usually expressed as

nanograms of Al generated per milliliter of plasma per

hour of incubation at 37#{176}C(ng of AI/ml/hr) and is

generally accepted as being a reflection of the level of

activity of the renin-angiotensin system in vivo. Plasma

renin concentration is a measure of the ability of plasma

to generate Al in vitro given the amount of renin present
in the plasma but with an excess of exogenous renin

substrate (usually homologous) added to the sample.

Plasma renin concentration is usually expressed as nan-

ograms of Al generated per milliliter of undiluted plasma

sample per hour of incubation at 37#{176}C(ng of AI/ml/hr)

and is generally accepted as being a reflection of the

amount of renin circulating in vivo.

The kinetics of the reaction of renin with renin sub-

strate has been thoroughly reviewed by Poulsen (915).

However, several important points should be mentioned.
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First, when renin activity is measured in samples that

contain only endogenous renin and renin substrate, the

reaction does not obey zero order (substrate-indepen-

dent) kinetics. That is to say that “renin activity” is not

the same as “renin enzyme activity” since the rate of

generation of Al in vitro is dependent on the concentra-

tion of endogenous renin substrate as well as the amount

ofrenin present (915). Thus, an increase in the circulating

levels of renin substrate can lead to an increase in PRA

even though the amount of renin in the plasma remains

constant. This adherence to first-order kinetics by renin

stems from the fact that the concentration of renin

substrate in plasma is not high enough to result in

substrate saturation (915). This problem can be circum-

vented by adding homologous renin substrate to plasma

samples before their incubation at 37#{176}Cas is done in the

measurement of PRC. However, even the addition of

homologous substrate does not ensure that zero-order

kinetics will always be obtained when measuring PRC

[see Poulsen (915) for a complete discussion], so PRC

cannot necessarily be considered to be an accurate phys-

iologic index of the number of renin molecules circulating

in the blood.

During short-term experiments with animals or hu-

mans, changes in PRA are almost always due to a change

in the rate of renin secretion from the kidney since the

concentration of plasma renin substrate is not subject to

rapid changes. However, during long-term therapy, an

increase in PRA may potentially be due to an increase in

the production of renin substrate by the liver (175). If

the investigator believes this to be the case, it is possible

to measure the renin substrate concentration as well as

PRA and PRC of a single plasma sample (725, 916). To

a certain extent, the measurement of PRC obviates the

need to determine all three of these parameters since

variations in the endogenous concentration of renin sub-

strate (unless the concentration is very high or very low)

will have little effect on the PRC value obtained. It

should be emphasized that many researchers consider

PRA to be the most desirable parameter to measure

since they consider this value to be an accurate reflection

of the ability of the system to generate All in vivo and

thus to induce physiologic changes (70). For those re-

searchers more interested in changes in the amount of

renin released by the kidneys, regardless of its ultimate

physiologic effects, PRC may be the more desirable pa-

rameter to measure. Whether measuring PRA or PRC,

incubation times for the generation of Al should be kept

as short as possible to ensure a linear rate of production

of Al.

Although PRA and PRC were originally determined

by a pressor-bioassay system in anesthetized rats treated

with a ganglionic blocking drug, most studies performed

during this decade have involved the measurement of Al

by radioimmunoassay. The use of radioimmunoassay as

a quantitative technique for measuring the concentration

of circulating hormones was first described by Berson

and Yalow (76, 1239) in 1957. Berson and Yalow (77) and

Skelley et al. (1019) should be consulted for a basic

review ofthe principles ofradioimmunoassay. The reader

may wonder why the rate of generation of All in vitro

could not be used to measure PRA. If PRA is to be

determined by this method, angiotensin converting en-
zyme must be present, and it is not possible to inhibit

the plasma angiotensinases selectively without also in-

hibiting converting enzyme. However, the simultaneous

inhibition of plasma angiotensinases and converting en-

zyme does allow Al to accumulate and be measured.

Finally, for those readers interested in the relationship

between PRA values determined by bioassay versus

those obtained by radioimmunoassay, Sealey et a!. (1000)

have made a thorough study of the problem. Although a

high degree of correlation (r = .91) was noted between

PRA values obtained by bioassay and immunoassay, the

immunoassay values were 2.2 times higher than those

determined by bioassay. This disparity results from 1)

the use of All as the standard for most bioassay systems

despite the fact that Al is being injected from the incu-

bated plasma samples, 2) the 1.7 times greater pressor

effect of All as compared to Al when equal weights are

compared, and 3) the longer time of incubation of plasma

usually used in the bioassay technique.

With few exceptions, an increase in PRA levels leads

to an increase in PRC. If PRA values are plotted against

PRC values within a set of plasma samples (n = 24), a

linear relationship (r = .96) is obtained with PRC values

being approximately 1.7 times greater than their corre-

sponding PRA values. This relationship was observed

between PRA values of 2 to 100 ng of Al/mi/hr (K.

Keeton, unpublished observations). Other researchers

have noted a high degree of correlation between PRA

and PRC (600). However, several drugs, e.g. oral contra-

ceptives, have been found to alter this relationship, as

will be discussed in subsequent sections.

II. Physiologic Control of Renin Release

An understanding of the basic physiologic mechanisms

controlling renin secretion is a prerequisite for a discus-

sion of drug-induced alterations of renin release. During

the past 20 years, five basic mechanisms controlling renin

release have been described. They are 1) an intrarenal

baroreceptor, 2) the amount of sodium (or possibly chlo-

ride) ion sensed by the macula densa segment of the

distal tubule, 3) the sympathetic nervous system and

humoraily released catecholamines, 4) other hormonal

factors (e.g. angiotensin II, prostaglandins, steroids), and

5) plasma electrolytes (e.g. potassium, calcium).

A. Intrarenal Vascular Receptor or Baroreceptor

In 1934 Goldblatt and his co-workers (392) induced

experimental hypertension in dogs by constriction of the

renal arteries, and they suggested that the resultant renal

ischemia led to release or formation of a circulating
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CONTROL OF RENIN RELEASE 87

pressor substance that served as a mediator of the hy-

pertension. This first suggestion of renin release in re-

sponse to a decrease in renal blood flow (RBF) was

followed some years later by studies that suggested that

a decrease in pulse pressure amplitude was the stimulus

for increased remn secretion into venous blood (601).

Interest in the subject was renewed in the late 1950s

when Kolif (602) reported that renin was released in

response to constriction of the renal artery whether flow

was pulsatile or nonpulsatile.

A short while later, Tobian et a!. (1098) proposed the

existence of a renal baroreceptor that either increased or

decreased renin secretion in response to a decrease or

increase in mean renal perfusion pressure, respectively.

They noted that juxtaglomerular cell granulation, i.e.

renin content, decreased in association with an increase

in renal perfusion pressure (1098). In a review (1096) of

the evidence for this hypothesis, Tobian suggested that

renin release from the granular cells of the JG apparatus

was inversely related to the amount of stretch of the

renal afferent arterioles, and that the amount of stretch

was in turn determined by the mean renal perfusion

pressure. However, “degranulation” of the JG cells also

could have resulted from changes in RBF and/or GFR.

The first systematic studies concerning the effect of

renal hypotension on renin release were performed by

Skinner et al. (1023) Progressive renal arterial hypoten-

sion was produced in anesthetized dogs by a graded

constriction of the aorta above the renal arteries. This

resulted in a decrease in renal vascular resistance during

renal autoregulation and was associated with an increase

in renin secretion. Furthermore, when the decrease in

blood pressure was associated with an increase in pulse

pressure, as elicited by vagal stimulation and sympathetic

blockade with bretylium, renin secretion was still in-

creased.

In order to obviate the effects of sodium transport on

renin release (see discussion of the macula densa mech-

anism controlling renin release in section II C), Blame et

al. (98) developed the nonfiltering canine kidney to ex-

plore the baroreceptor hypothesis. They found that both

hemorrhage and suprarenal aortic constriction in con-

scious dogs elicited an increase in PRA in the absence of

a functional macula densa (98). To isolate further the

vascular receptor, renal denervation and bilateral ache-

nalectomy were performed during preparation of the

nonfiltering kidney (97). Even after removing the influ-

ence of the macula densa, the renal sympathetic nerves,

and humoral catecholamines, hypotensive hemorrhage

and suprarenal aortic constriction stifi produced a sig-

nificant (2-fold) increase in PRA in conscious dogs (97).

To date, this study remains the most convincing evidence

for the existence of a renal vascular pressure receptor

controlling renin release. The tentative location of the

renal baroreceptor was determined to be at the level of

the afferent arteriole since papaverine, which prevents

renal autoregulation by dilatation of the renal afferent

arterioles, blocked hemorrhage-induced renin secretion

from denervated, nonfiltering kidneys in anesthetized

dogs (1231).

According to Tobian’s “stretch” receptor hypothesis,

high renal perfusion pressure or renal (afferent arteriolar)

vasodilatation would stretch the walls of afferent arteri-

oles (673). The JG cells also would be stretched, since

they are located in the media of the afferent arterioles,

and this increased stretch would result in a decrease in

renin secretion. One of the major criticisms of this hy-

pothesis was the subsequent observation by various in-

vestigators that either systemic or renal arterial hypoten-

sion-induced renin release was usually associated with

renal vasodilatation (237, 301, 304, 405, 421, 446, 586,

987). As mentioned previously, Skinner et al. (1023)

found this to be the case when renal perfusion pressure

was decreased by constricting the aorta above the origin

of the renal arteries in the anesthetized dog. Schmid

(987), also in anesthetized dogs, found that lowering renal

perfusion pressure from 128 to 88 mm Hg caused a 2-fold

increase in renin secretion, a chop in renal vascular

resistance, and no change in RBF or GFR. As renal

arterial pressure was lowered to 70 mm Hg, RBF and

GFR decreased while renin release continued to increase.

However, in the latter case the decrease in GFR would

lead to stimulation of remn secretion by the macula

densa mechanism. In order to eliminate the cardiovas-

cular control loops of the central nervous system, Cowley

and Guyton (237) studied renal arterial hypotension-in-

duced renin secretion in dogs after spinal cord destruction

and decapitation. These decapitated dogs received a con-

stant infusion of norepinephrine to maintain blood pres-

sure. It should be pointed out that the renal vasoconstric-

tion produced by an intrarenal infusion of All or norepi-

nephrine or an increase in sympathetic nerve discharge

does not influence the autoregulatory vasodilatory re-

sponse to a reduction in renal perfusion pressure (586,

588). A 2- to 3-fold increase in renal venous renin activity

occurred when renal perfusion pressure was decreased

from 100 to 80 mm Hg by a clamp on the renal artery,

even though RPF was maintained. Net renin secretion

continued to rise until perfusion pressure was dropped to

65 to 70 mm Hg, and then secretion remained constant

due to the fact that the RPF decreased radically whereas

renal venous remn activity continued to increase (237).

In anesthetized dogs with a single denervated nonifi-

tering kidney, Gotshall et al. (405) found that suprarenal

aortic constriction, sufficient to reduce renal arterial pres-

sure by 20%, induced a 3-fold increment in the rate of

remn secretion without altering RBF. Further decre-

ments in perfusion pressure resulted in a decrease in

renal vascular resistance and a further increase in renin

secretion despite the fact that RBF chopped consider-

ably. Similarly, Eide et a!. (301), by progressive constric-

tion of the renal arteries in intact anesthetized dogs,

determined that the lowest perfusion pressures at which

RBF and GFR were autoregulated were 66 ± 3 and 72
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± 8 mm Hg, respectively. Decreasing perfusion from 116

to 66 mm Hg resulted in a 7-fold increase in the rate of

renin secretion; however, a further reduction to 44 mm
Hg led to no additional increment in renin secretion.

When renal perfusion pressure was lowered below the

autoregulatory range for RBF and GFR, infusion of

sufficient mannitol or isotonic saline to restore sodium

excretion to above control levels failed to suppress the 7-

fold increase in renin secretion (301). However, a very

high sodium load will inhibit renin release even if secre-

tion is stimulated by constriction of the renal artery

(586). These studies indicate that renin secretion during

renal autoregulation becomes maximal when the arteri-

oles are maximally dilated and that this release mecha-

nism is independent of renal sodium metabolism. It is

also of interest to note that more than half of the increase

in renin release elicited by renal arterial hypotension

occurred within the lowest 15 mm Hg of the range of

renal autoregulation of blood flow (301).

Since anesthesia per se has been shown to reduce RBF

(106, 279, 683, 953, 1141, 1237) and increase renin release

(373, 537, 643, 702, 896, 903), the effect of renal arterial

hypotension on renin release also has been examined in

conscious, chronically cannulated dogs (353, 421, 446). It

should be mentioned, however, that while these studies

have provided valuable information, no attempt was

made to control the influence of the macula densa on

renin release. When renal arterial pressure was decreased

in conscious dogs from 107 to 75 mm Hg by an externally

controlled snare, a 4-fold increase in PRA resulted while

renal vascular resistance decreased and RBF increased

(446). Gutmann et al. (421) used an inflatable cuff around

the renal arteries of uninephrectomized conscious dogs

to decrease renal perfusion pressure from 92 to 79 mm

Hg, and they observed an increase in PRA from 0.67 to

1.91 ng of Al/mi/hi, no change in RBF, and a decrease

in renal vascular resistance. After release of the cuff,

PRA decreased rapidly to control levels. With 81 mea-

surements made between 5 mm and 7 hr after constric-

tion of the renal artery, a close inverse relationship was

found when the log of PRA was plotted against the renal

arterial pressure. This is very similar to the relationship

between the rate of renin secretion and renal perfusion

pressure observed by Eide et al. (301) in anesthetized

animals. Unfortunately, Gutmann et al. (421) did not

measure renal sodium excretion in their conscious dogs,

and even if RBF was maintained during renal hypoten-

sion, we cannot be certain that sodium transport was not

reduced enough to stimulate renin release by a macula

densa mechanism. Fray et a!. (353) found that PRA was

elevated 9-fold when the renal arterial pressure of con-

scious dogs was decreased from the control MAP of 77

mm Hg down to 50 mm Hg. During this maneuver,

systemic MAP rose to 98 mm Hg due to the increase in

PRA. Since control blood pressures were so low in these

well-trained dogs, it is difficult to speculate as to whether

autoregulation of RBF occurred at a perfusion pressure

of 50 mm Hg. However, on the basis of similar studies in

conscious dogs (421, 446), vasodilatation probably did

occur but renal sodium excretion probably decreased.

Thus, the 9-fold increase in PRA could have been due to

activation of both the renal baroreceptor and macula

densa mechanisms regulating renin release. Fray et a!.

(353) also discovered that prior salt depletion greatly

potentiated the renin release caused by renal arterial

hypotension whereas salt-loading blunted the response.

In contrast to the previously mentioned reports, the

renin release induced by hypotensive hemorrhage was

found to be associated with renal vasoconstriction in two

studies (97, 1231). In dogs with a single denervated non-

ifitering kidney, a rapid hemorrhage of 20 ml/kg in-

creased PRA 2-fold in the conscious state (97). When the

dogs were anesthetized, the same degree of hemorrhage

increased renin secretion 5-fold. This degree of hemor-

rhage resulted in an average chop in MAP of 8 nun Hg in

the conscious state and 47 mm Hg in the anesthetized

state. Renal blood flow was not measured in the con-

scious state, but was decreased by 51% when the dogs

were anesthetized despite the fact that mean arterial

pressure (MAP = 76 mm Hg) remained above the mini-

mum pressure necessary for renal autoregulation (301).

However, it should be noted that the responses of RBF

and MAP to hemorrhage are quite different in conscious

and anesthetized dogs. Vatner and Braunwald (1140)

have demonstrated that rapid hemorrhage (26 mI/kg)

elicited renal vasodilatation in the conscious trained dog

whereas it caused marked renal vasoconstriction in the

anesthetized trained dog. This renal dilatation in the

conscious dog during hemorrhage was not affected by

renal denervation but rather appeared to be mediated by

the intrarenal production of prostaglandins. In addition,

after a hemorrhage of 20 mI/kg, the blood pressure of

conscious trained dogs chopped 8 to 10 mm Hg whereas

a decrement of 37 to 43 mm Hg was noted when the

trained dogs were anesthetized (1140). Thus the blood

pressure responses to a hemorrhage of 20 mI/kg observed

by Blame et al. (97) in conscious and anesthetized dogs

were similar in magnitude to those observed by Vatner

and Braunwald (1140). Based on these observations

(1140), it is also likely that renal vasodilatation occurred

in the conscious dogs subjected to hemorrhage by Blame

et al. (97). It also should be noted that anesthesia per se

decreases RBF in trained dogs with chronically im-

planted cannulae, and this effect appears to be mediated

by the intrarenal formation of All since it was blocked

by the selective angiotensin antagonist saralasin (170). It

would be of great interest to know if an intrarenal infu-

sion ofpapaverine could block hemorrhage-induced renin

release in conscious, rather than anesthetized, dogs with

a single denervated nonfiltering kidney.

In light of recent data, it is difficult to reconcile To-

bian’s original “stretch” receptor hypothesis with the fact

that renal arterial hypotension-induced renin release is

usually associated with increased stretch (autoregulatory
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where r = internal radius, r0 = total radius, r = radius to

vasodilatation) of the renal afferent arterioles unless it is

assumed that intravascular pressure rather than the ra-

dius of the afferent arteriole is the predominant factor

that influences “stretch.” Along these lines, Vander

(11 16) proposed that the actual baroreceptor stimulus to

renin secretion might be 1) a decrease in the transmural

pressure gradient (the difference between the intralumi-

nal pressure and renal interstitial pressure), 2) a decrease

in the tension within the wall of the afferent arteriole, or

3) a decrease in the intraluminal pressure of the afferent

arteriole at the level of the juxtaglomerular granular

cells. In point of fact, each of these variables are closely

interrelated. In its simplest form, wall tension is the

product of the transmural pressure gradient and the

interior arteriolar radius (Laplace’s law). By and large, a

decrease in renal perfusion pressure, whatever its origin,

will result in a decrease in intraluminal pressure and the

transmural pressure gradient. Arteriolar wall tension

may or may not change depending on how much the

interior arteriolar radius changes in relationship to the

change in intraluminal pressure. Since sympathetic stim-

ulation, circulating pressor or depressor agents, or renal

autoregulation affect arteriolar smooth muscle tone, i.e.

interior arteriolar radius, they have the potential of al-

tering intraluminal pressure, the transmural pressure

gradient, and arteriolar wall tension. The transmural

pressure gradient is usually controlled by renal perfusion

pressure; however, an increase in renal interstitial pres-

sure can decrease this pressure gradient. This being the

case, several investigators (304, 550) have examined the

effects of ureteral occlusion on renin release since this

maneuver is known to increase renal interstitial pressure.

Kaloyanides et al. (550) found that clamping the ureter

of an isolated blood-perfused canine kidney resulted in a

6-fold increase in remn secretion even though perfusion

pressure was maintained at 100 mm Hg. If perfusion

pressure was increased to 160 mm Hg while ureteral

occlusion was continued, renin secretion fell back to

control levels and RBF increased by 35%. If the experi-

mental maneuvers were reversed, the suppression of

remn release caused by a high renal perfusion pressure

was counteracted by ureteral occlusion. Therefore, ma-

nipulation of the transmural pressure gradient did indeed

elicit changes in the rate of remn secretion. In similar

studies in anesthetized dogs with denervated filtering

kidneys, Eide et al. (304) produced step-wise increments

in ureteral pressure that caused step-wise increments in

renin secretion despite the fact that RBF remained un-

changed. More than half of the elevation of renin release

took place during the final step in which ureteral pressure

rose from 75 to 96 mm Hg. Complete ureteral occlusion

caused ureteral pressure to rise to 95 mm Hg and renin

secretion to increase 11-fold. Subsequent constriction of

the renal artery sufficient to decrease renal arterial pres-

sure radically resulted in no further increment in the rate

of renin secretion and RBF fell off in proportion to

perfusion pressure. In the absence of ureteral occlusion,

renal arterial pressure had to be reduced to 65 mm Hg to

stimulate remn secretion fully (13-fold increase), but if

ureteral pressure was increased to 65 mm Hg by only

partial occlusion, renin release became fully stimulated

when perfusion pressure was chopped to 104 mm Hg.

Both ureteral occlusion and a decrease in renal perfu-

sion pressure elicited afferent arteriolar dilatation, and

thus RBF is not changed even though the transmural

pressure gradient is lowered in both instances (304). In

every case, maximal remn secretion occurred when the

transmural pressure gradient was decreased enough to

result in maximal afferent arteriolar dilatation. Although

ureteral occlusion decreased sodium excretion, the renin

release precipitated by this maneuver was not due to the

macula densa mechanism since restoration of sodium

excretion to control levels during partial ureteral occlu-

sion did not blunt the increase in renin release (304).

Renal interstitial pressure is usually quite low, but it can

be increased enough during osmotic diuresis, high urine

flow, renal venous pressure elevation, congestive heart

failure, ureteral obstruction, or renal disease to result in

a decrease in the transmural pressure gradient at the

afferent glomerular arteriole. In each of these cases, high

tubular or interstitial pressure elicits arteriolar dilatation

until the hydrostatic pressure gradient across the gb-

merular membrane is reestablished, thereby maintaining

GFR (589). In conclusion, a change in the transmural

pressure gradient is a likely candidate for the barorecep-

tor stimulus to renin release.

Davis and Freeman (256) stated their belief that the

intrarenal baroreceptor responds to changes in afferent

arteriolar wall tension, but as Fray has pointed out (350),

they presented no data or quantitative arguments to

support this belief. They did, however, judiciously state

that wall tension could be altered by “1) changes in the

diameter of the renal afferent arterioles, 2) changes in

the transmural pressure gradient, 3) renal sympathetic

nerve activity that controls renal arteriolar tone, 4) in-

trinsic myogenic factors as exemplified in renal autoreg-

ulation, and 5) alterations in the elastic components of

the vessel wall” (256). We previously stated that vascular

wall tension is the product of the transmural pressure

gradient and the internal arteriolar radius (Laplace’s

law). Since this form of Laplace’s law applies only to

thin-walled vessels, it cannot be applied to arterioles as

their radius-thickness ratio can be 1:1 (343). As cogently

pointed out by Fray (350), the circumferential (tangen-

tial) stress on the arteriole, which is expressed in either

mm Hg or dynes/cm2, is a more appropriate measure of

wall tension since it takes into account the wall thickness

of the vessel. The circumferential stress (ae) can be

calculated from the following formula derived by Fray

(350):

r2r02(P1 - P0) r2P� - r02P0
G�= � 2 2� � 2 2

r�r0 -r�� r0 -r�
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the point in the wall where the stress is exerted, P =

intraluminal pressure, and P0 = interstitial pressure.

By using known values and making certain assump-

tions, values for wall tension (circumferential stress, a�)

can be estimated during both normotension and renal

arterial hypotension.

Changes in internal radius (ri) during renal autoregu-

lation, in response to a chop in renal perfusion pressure,

have recently been measured with great accuracy by

Morkrid et a!. (770), who used microspheres. When the

renal arterial pressure of anesthetized dogs was reduced

from an average of 129 to 69 mm Hg, the lowest autoreg-

ulatory pressure, the internal radius of the JG portion of

the afferent arterioles increased from 8.7 �tm to 10.7 �tm

(a 23% increase). Although the actual value of the intra-

luminal pressure (P1) in the afferent arteriole during

normotension and renal arterial hypotension cannot be

determined from these experiments (770), the pressure

chop from the renal artery to the gbomerular capillaries

of the Wistar rat has been determined to be approxi-

mately 50% of the MAP (138). While it is not known

whether this pressure chop occurs in the interlobular

arteries and/or the afferent arterioles (548, 770), it is

apparent that the majority of the decrement in intralu-

minal pressure occurs proximal to the JG portion of the

afferent arteriole. Robertson et al. (937a) have deter-

mined the effects of graded reductions in renal perfusion

pressure on the hychostatic pressure chop along the af-

ferent arteriole. They found that the pressure (MAP

minus glomerular capifiary hychostatic pressure) fell pro-

gressively with a slope of approximately 1 as renal per-

fusion pressure was lowered by partial constriction of the

abdominal aorta in both plasma-expanded and hycho-

pemc rats. Thus, the intraluminal pressure (Ps) Of the JG

portion of the afferent arteriole appears to decrease by

the same absolute value (mm Hg) as does renal perfusion

pressure during renal arterial hypotension. This being

the case, if during normotension MAP equals 120 mm Hg

and the afferent arteriolar pressure (P1) in the JG area

equals 60 mm Hg, then lowering renal perfusion pressure

from 120 to 90 mm Hg would chop afferent arteriolar

pressure in the region of the JG apparatus from 60 to 30

mm Hg, i.e., the same absolute change in pressure (937a).

If we assume that interstitial pressure (Po) under all

pressure conditions is 5 mm Hg, that the wall thickness

of the afferent arteriole is 5 �im during normotension

(350), and that the granular JG cells are located in the

media equidistant from the inside and outside of the

arteriolar wall, then during normotension r would equal

8.7 ,.cm (770), ro would equal 13.7 �tm, and r would equal

11.2 �tm whereas during renal arterial hypotension r�

would equal 10.7 �im (770), r� would equal 14.7 �cm (wall

thickness wifi decrease from 5 to 4 �tm during vasodila-

tation), and r would equal 12.7 �tm. Making these as-

sumptions, the circumferential stress on the vascular wall

in the JG portion of the renal afferent arteriole would be

88 mm Hg at control pressures (P� equals 60 mm Hg),

but would decline to 61 mm Hg when P1 falls to 30 mm

Hg during renal arterial hypotension. This being the case,

renal arterial hypotension would result in a 30% decre-

ment in afferent arteriolar wall circumferential stress

(tension) in the region of the granular JG cells since the

decrease in intraluminal pressure would override the

influence of the increase in arteriolar radius just as sug-

gested by Davis and Freeman (256). Thus, the actual

renal baroreceptor stimulus to renin release may be the

change in arteriolar wall tension (circumferential stress).

Perhaps the most innovative study of the hemody-

namic stimulus that activates the renal baroreceptor

mechanism was conducted by Fray (350), who used the

isolated rat kidney perfused with a Krebs-Henseleit so-

lution containing albumin. He determined that decreas-

ing renal perfusion pressure from 110 to 50 mm Hg for 60

mm increased the cumulative perfusate renin activity 4-

fold whereas increasing perfusion pressure to 160 mm Hg

decreased renin accumulation in the perfusate by 80%.

Since increasing or decreasing sodium excretion by alter-

ing the sodium concentration of the perfusate did not

affect cumulative renin release, it was claimed that

changes in sodium metabolism were of no importance in

eliciting these changes in renin release. When perfusion

pressure was held constant, papaverine increased RBF

by 37% and caused the cumulative (60 mm) renin release

to decrease by 70%. Conversely, vasoconstriction with

the alpha-adrenergic agonists phenylephrine or methox-

amine led to a greater than 50% decrement in RBF and

a 3- to 4-fold increment in cumulative perfusate renin

activity. The stimulatory effects of phenylephrine on

renin secretion were counteracted by either the addition

of papaverine, which returned RBF to control levels, or

by allowing the perfusion pressure to increase as vaso-

constriction occurred.

Since vasoconstriction or low perfusion pressure in-

creased remn secretion, and since vasodilatation or high

perfusion pressure decreased remn release, Fray (350)

applied Tobian’s original “stretch” receptor hypothesis

(1098). For purposes of mathematical analysis, he as-

sumed that: 1) the renal preglomerular arteriole is a

thick-walled cylindrical tube; 2) the wall of the arteriole

is of a homogeneous composition and has elastic prop-

erties that obey Hooke’s law; 3) the “stretch” is equal to

the volume strain (amount of deformation of the vessel

wall); 4) only small strains (changes in vessel volume)

occur during vasodilatation and vasoconstriction; and 5)

the rate of renin release is inversely related to the amount

of volume strain [see appendix of Fray (350)] of the wall

of the afferent arteriole. From these assumptions, he

derived the equation:

RR 1 - (r�/r0)2

K (r1/r0)2P1 - P0

where RR is renin release and K is a constant. By taking

the first partial derivative of this equation and assuming

thatr�= 15�tm,r0=20�tm,P1=60mmHg,andP0=5
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mm Hg, the following equation was obtained:

i�s.RR= -0.0001 i�P1+0.00054AP0-0.10086A(r1/r0)

As a result of these calculations, Fray concluded that a

change in afferent arteriolar radius (r�/r0) was over 300

times more effective in altering renin release than a

proportional change in the internal hychostatic pressure

(P1). This idea was a radical departure from the original

idea that a change in perfusion pressure per se was the

stimulus to renin release.

However, it is important to recognize that certain

difficulties arise when this type of mathematical model-

ing is applied to such a complex biologic system. Fray

(350) assumed that the wall of the renal afferent arteriole

is homogeneous and has elastic properties that obey

Hooke’s law, i.e., for an ideal elastic material the amount

of strain (deformation of the material) is proportional to

the amount of stress (force/unit area) exerted on the

material and the ratio of stress/strain is a constant for

any given stress or strain. However, the wall of the

pregbomerular arteriole is composed of both elastic (pas-

sive) and muscular (active) elements so the ratio of

stress/strain will be different for each level of activity of

the vascular smooth muscle. Therefore, any alteration in

renal perfusion pressure, whether a decrease or an in-

crease, that elicits autoregulatory changes in the afferent

arteriole or any drugs that alter the tone of the vascular

smooth muscle will modify the elastic properties of the

vascular wall and, thus, the stress/strain ratio. This

variable relationship between stress and strain probably

disallows the application of Hooke’s law to this system.

Secondly, the conclusion that a change in the afferent

arteriolar radius (r�/r0) was 300 times more effective in

altering renin release than a proportional change in in-

ternal hychostatic pressure (P1) was derived from the

finding that the coefficient for the change in r1/r0 was 300

times greater than the coefficient for the changing P�.

Fray (350) failed to consider the fact that a change in P1

will be expressed as a whole number (mm Hg) whereas

a change in r�/r0 will be expressed as a fraction that will

always be less than 0.333 [see Morkrid et al. (770)]. Thus,

a positive change in intravascular hydrostatic pressure

(P1) will, in fact, counterbalance a proportional negative

change in the ratio of the radii (r1/r0). This point is best

illustrated by considering Fray’s studies (350) with vas-

oconstrictors. With his pressure and flow values, total

renal vascular resistance increased by 225% (relative to

the control values) when perfusion pressure was con-

trolled at 110 mm Hg during phenylephrine infusion.

Cumulative renin release rose by 360%. However, when

perfusion pressure was allowed to rise to 200 mm Hg,

cumulative renin release chopped to about 60% of the

control values despite the fact that total renin vascular

resistance was stifi 196% of the control values. Thus, in

the presence of essentially the same degree of phenyleph-

rine-induced renal vasoconstriction, the negative effect

on renin release of increased renal perfusion pressure

easily counteracted the positive effect on renin release of

the decrease in r1/r0 caused by phenylepherine. This is

similar to the situation in which the positive effect on

renin release of a decrease in P overrode the negative

effect on renin release of an increase in r when changes

in circumferential stress were calculated during renal

arterial hypotension (vide supra). It may well be that

changes in arteriolar radius (r�/r0) are of some impor-

tance in mediating baroreceptor stimulation or inhibition

of renin release, since a change in this parameter can

lead to a change in vascular wall tension (circumferential

stress) or volume strain, but this effect is probably not as

great as that proposed by Fray (350).

While the objections outlined above apply only to the

more theoretical aspects of Fray’s (350) studies, there are

also certain limitations in the experimental techniques

employed. It is important to note that RPF, GFR, filtra-

tion fraction, and net sodium reabsorption are radically

different in the cell-free perfused kidney from what they

are in the cell-perfused kidney (490). In fact, the hemo-

dynamics and sodium metabolism observed in a red blood

cell:perfused kidney correspond more closely to values

obtained in the intact kidney (490). In addition, isolated

perfused kidneys accrue weight during the course of an

experiment, and this edema formation may alter the

interstitial hychostatic pressure and ion movements

(490). Finally, the relationship between cumulative per-

fusate renin activity and the actual rate of renin secretion

is not known.

In addition to the physical factors that might mediate

baroreceptor-induced renin release, recent studies have

suggested that renal prostaglandins may function as hor-

monal mediators of this control mechanism. The role of

renally produced prostaglandins in the autoregulation of

RBF has been the subject of some controversy. When

Herbaczynska-Cedro and Vane (475) examined the

release of PG-like material from the autoperfused canine

kidney, they found a reciprocal relationship between

renal vascular resistance and the release of PG-like ma-

terial into the renal venous blood during pressure-de-

pendent autoregulation of RBF. Since inhibition of renal

prostaglandin synthesis with indomethacin prevented

both the release of PG-like material and autoregulation

of RBF during a reduction in perfusion pressure, the

authors proposed that renal prostaglandins mediated

autoregulatory vasodilatation. However, subsequent

studies from several laboratories (19, 338, 549, 858, 1147)

have failed to confirm the ability of inhibitors of prosta-

glandin synthesis to block renal autoregulatory vasodi-

latation. In perhaps the most complete study, Kaloyan-

ides and co-workers (549), with an isolated canine kidney

perfused by blood from a second donor dog, found that

the increased rate of secretion of PGE2 elicited by reduc-

ing renal perfusion pressure was completely blocked by

indomethacin or meclofenamate. However, when renal

perfusion pressure was lowered in a step-wise fashion,

RBF remained unchanged in both the presence and
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absence of inhibitors of prostaglandin synthesis. These

data indicate that prostaglandins are probably not the

mediators of renal autoregulation. These conflicting re-

ports from Herbaczynska-Cedro and Vane (475) and

subsequent investigators (19, 338, 549, 858, 1147) can only

be resolved if it is assumed that increased renal prosta-

glandin release is secondary to autoregulatory vasodila-

tation rather than the cause of the dilatation.

The first study that suggested a relationship between

renal prostaglandin production and renin release during

renal arterial hypotension was that of McGiff et al. (715).

When the renal arteries of anesthetized dogs were con-

stricted enough to reduce RBF from 257 to 109 mI/mm,

PG-like material, as measured by bioassay, was released

into the renal venous blood as renin release increased 10-

fold. With anesthetized dogs with a single nonfiltering

kidney, Data et al. (246) determined that suprarenal

constriction of the aorta sufficient to reduce renal per-

fusion pressure from 121 to 61 mm Hg caused a 4-fold

elevation of renal venous PRA. Renal blood flow was

decreased from 65 to 30 ml/min (J. W. Hollifleld, personal

communication). When a similar reduction in renal ar-

terial pressure was produced in dogs pretreated with

indomethacin, renal venous PRA increased only slightly

and RBF again chopped from 60 to 35 m.l/min. Unfortu-

nately, in both of these studies (246, 715), renal perfusion

pressure was chopped to below the range of autoregula-

tion of RBF. However, Blackshear et al. (94) determined

the effects of indomethacin on renal arterial hypotension-

induced renin release both above and below the range of

autoregulation of RBF. When renal perfusion pressure

was reduced from 120 to 90 mm Hg in anesthetized dogs,

RBF did not change while renin secretion increased 4-

fold. A further reduction in perfusion pressure to 60 mm

Hg led to a large chop in RBF and a further elevation of

renin secretion. When these studies were repeated in

indomethacin-treated dogs, reduction of perfusion pres-

sure from 120 to 90 mm Hg did not cause a significant

change in RBF, and yet hypotension-induced renin se-

cretion was blocked by 75% when compared to control

animals. Dropping renal arterial pressure to 60 mm Hg

greatly reduced RBF, but renin secretion rose the same

amount as it did in control dogs. Thus, indomethacin

prevented the rise in renin secretion, but not the auto-

regulation of RBF, as long as perfusion pressure was

maintained above the autoregulatory range of the kidney.

It would appear that in the filtering kidney (94), in

contrast to the nonfiltering kidney (246), lowering renal

perfusion pressure below the autoregulatory range re-

leases renin by a non-prostaglandin-dependent mecha-

nism.
Blackshear and Wathen (95) later determined the ef-

fects of indomethacin on renin release and RBF during

ureteral occlusion. Blockade of renal prostaglandin syn-

thesis prevented the increase in RBF and markedly

blunted the increase in renin secretion normally observed

during complete ureteral obstruction in the anesthetized

dog. After ureteral clamping had increased renin secre-

tion and RBF in untreated dogs, an infusion of PGE2 into

the renal artery caused no further increment in renin

secretion or RBF. However, the infusion of PGE2 into

the kidneys of indomethacin-treated dogs after ureteral

occlusion resulted in renal vasodilatation and increased

renin secretion. It was concluded that an increase in the

production ofrenal prostaglandins elicited the renal vaso-

dilatation seen during ureteral occlusion. Furthermore,

these prostaglandins, either directly by an action on the

granular JG cells or indirectly via vasodilatation, ap-

peared to be the stimuli to renin secretion during an

increase in ureteral pressure. In this case, unlike hypo-

tension-induced renal vasodilatation, the prostaglandins

appear to mediate the vasodilatation rather than the

vasodilatation causing the increase in the production of

prostaglandins. In this respect, a mechanical rise in renal

interstitial pressure has been shown to activate the syn-

thesis of prostaglandins, and Olsen et al. (836) noted that

ureteral occlusion elevated the urinary excretion of PGE2

in anesthetized dogs.

We originally considered that ureteral occlusion acti-

yates the renal baroreceptor by lowering the transmural

pressure gradient and thereby decreasing circumferential

stress. We thought that the decrease in the transmural

pressure gradient overrides the effect of arteriolar vaso-

dilatation on circumferential stress. However, in the ex-

periments of Blackshear and Wathen (95), the transmu-

ral pressure gradientprobably was decreased during are-

teral occlusion in indomethacin-treated dogs. According

to our previous discussion of the renal baroreceptor

mechanism, this decrease in the transmural pressure

gradient should have stimulated remn release by decreas-

ing circumferential stress. Indomethacin did not have a

nonspecific paralytic effect on the arteriolar smooth mus-

cle since PGE2 relaxed this smooth muscle in the pres-

ence of indomethacin. Based on these observations, it

would have to be concluded that 1) it is the act of

vasodilatation per se, irrespective of changes in circum-

ferential stress, that triggers baroreceptor-stimulated

renin release, or 2) prostaglandins are mediators of bar-

oreceptor-induced renin release, or 3) indomethacin ex-

erts its effects at a final common pathway for renin

release that is distal to the vascular mechanism.

In summary, baroreceptor-mediated remn release ap-

pears to occur by two mechanisms: 1) physical changes

in the afferent arteriole and 2) changes in the synthesis

of renal prostaglandins. According to most of the avail-

able data, the release of renin is inversely related to the

“stretch” of the afferent arteriole as proposed by Tobian

(1096). The “stretch” of the afferent arteriole may be

described by wall tension (circumferential stress) or vol-

ume strain. The most important determinant of these

physical parameters, however, appears to be changes in

intraluminal pressure or the transmural pressure gradient

since increments or decrements in these pressures can

override an opposing change in afferent arteriolar radius.
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Prostaglandins seem to mediate a large portion of the

baroreceptor-mediated renin release within the autoreg-

ulatory range. Since physical distortion of tissues stimu-

lates prostaglandin synthesis (908, 1080), it is tempting

to speculate that renal prostaglandins are a chemical link

between changes in wall tension or volume strain and the

release of renin within the autoregulatory range of RBF.

Such a conclusion, however, must await experimental

confirmation.

B. Autonomic Nervous System

1. Anatomical considerations. Before discussing the

role of the autonomic nervous system, primarily the

sympathetic nervous system, in the control of renin

release, it is important to consider the innvervation of

the renal arterioles and the JG apparatus. In 1952, De

Muylder (266) identified nerves traveling to the afferent

renal arterioles in the region of the granular JG cells. A

decade later, Barajas (50) examined the innervation of

the JG apparatus by electron microscopy and found that

nonmyelinated nerve fibers containing dense-core vesi-

des, indicative of norachenergic nerves ( 1233) , were as-

sociated with the afferent and efferent arterioles in mon-

keys and rats. In the ensuing years, other researchers (81,

801, 1169) have confirmed that the JG cells of rats, dogs,

and humans are innervated by sympathetic fibers. Wag-

ermark et a!. (1169) combined fluorohistochemical iden-

tification of biogenic amines and specific stains for the

granules �of the JG apparatus to demonstrate the pres-

ence of norachenergic nerve terminals in the afferent

arteriolar walls near the granular JG cells. These nerve

terminals are now known to be separated from the gran-

ular JG cells by a distance of approximately 1200 to 2000

A with a basement membrane intervening between the

two structures (50, 52, 54). These norachenergic nerves

have been shown to consist of axons and varicosities that

are partially or completely surrounded Lv Schwann cells

(52). Taken collectively, these studies (50, 52, 54, 81, 266,

801, 1 169, 1233) provide the morphologic evidence for a

functional relationship between the sympathetic nervous

system and renin release. See Barajas (51, 51a) for a

more extensive discussion of these anatomical relation-

ships.

In addition to pharmacologic evidence for the existence

of beta-achenergic receptors on the granular JG cells,

Atlas et al. (32) have observed that the fluorescent beta-

achenergic antagonist 9-amino-acridin propranolol, when

given i.v. to rats, aggregated in the vascular poles of the

glomeruli in association with the preglomerular afferent

arteriole. This binding was greatly reduced by pretreat-

ment with d,l- and l-propranolol but was less affected by

d-propranolol.

While the norachenergic innervation of the renal site-

rioles and the JG apparatus is well-established, the cho-

linergic innervation of these structures is not as well-

defined. McKenna and Angelakos (718) found that the

afferent arterioles received cholinergic innervation from

ganglion cells in the hilus of the canine kidney. These

acetyicholinesterase-containing fibers were not affected

by ablation of the nerves traveling with the renal vessels

even though this treatment removed all traces of cortical

norachenergic nerve fibers. They concluded that the cho-

linergic innervation of the kidney was completely inde-

pendent of the norachenergic nerve supply. However,

Barajas (51a) found that the distribution and density of

the renal nerves containing acetylcholinesterase in the

rat were very similar to those of the noradrenergic fibers.

Furthermore, treatment with the neurotoxin 6-hychoxy-

dopamine, which destroys catecholamine-containing

neurons, caused the complete disappearance of norepi-

nephrine and acetylcholinesterase from the nerves inner-

vating the gbomerular arteries. Therefore, the possible

cholinergic innervation of the granular JG cells is stifi a

subject of controversy.
2. Sympathetic nervous system. A. DIRECT AND INDI-

RECT STIMULATION OF THE RENAL NERVES. Vander

(1115) was the first to demonstrate that electrical stim-

ulation of the renal artery and its encompassing sympa-

thetic nerves released renin into the circulation of anes-

thetized dogs. However, GFR, RPF, and sodium excre-

tion were decreased by renal nerve stimulation and, since

the prior induction of osmotic diuresi.s with mannitol

prevented the nerve-stimulated release of renin, it was

possible that the decrease in sodium excretion precipi-

tated by nerve stimulation elevated renin release by a

macula densa mechanism. Assaykeen and Ganong (30)

reported that stimulation of the renal nerves in anesthe-

tized dogs led to a 2-fold increase in PRA that was

blocked completely by pretreatment with propranolol, a

beta-adrenergic receptor antagonist. Changes in renal

function were not mentioned. These authors (30) hypoth-

esized that the norepinephrine released by stimulation of

the renal nerves increased renin release by one or more

of the following mechanisms: 1) by decreasing the stretch

on the granular JG cells as a result of constriction of the

afferent arterioles; 2) by decreasing the GFR and thus

the amount of sodium reaching the macula densa; and 3)

by a direct beta-adrenergic action on the granular JG

cells. Because some doubt existed as to the specificity of

the nerve stimulation in Vander’s work (1115), Johnson

et al. (535) isolated and stimulated the renal nerves in

anesthetized dogs with a single nonfiltering kidney. Di-

rect renal nerve stimulation caused a 3-fold increase in

renin secretion and a 20% decrease in RBF. However, the

prior intrarenal infusion of papaverine prevented the

decrement in RBF, but not the increment in renin secre-

tion, caused by nerve stimulation. Since sympathetic

nerve stimulation increased renin release in the absence

of a functional macula densa or any change in RBF, a

direct action on the granular JG cells was indicated.

Additional pharmacologic characterization of the remn

release caused by sympathetic excitation was provided

by Loeffler et al. (667). Upon stimulation of the renal

artery and the accompanying nerves in anesthetized dogs,

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


94 KEETON AND CAMPBELL

PRA was increased 2- to 4-fold, a response completely

abolished by propranolol. Pretreatment with phenoxy-

benzamine, an alpha-achenergic antagonist, elevated

basal PRA by 3-fold and lowered MAP by 30%, but failed

to alter the increment in PRA attendant to nerve stim-

ulation. Simultaneous pretreatment with propranolol and

phenoxybenzamine did not affect the hypotension caused

by phenoxybenzamine but completely prevented the in-

crement in PRA caused by phenoxybenzamine. Also, the

nerve-stimulated increase in PRA was blocked. The data

indicated that both nerve-stimulated and alpha-achener-

gic antagonist-induced renin release occurred via beta-

adrenergic receptors. (Changes in renal function were not

reported.) Coote et al. (231) studied the effects of alpha-

and beta-adrenergic blockade on the renin release caused

by stimulation of the severed distal ends of the renal

nerves in unilaterally nephrectomized, anesthetized cats,

and they came to a different conclusion. Nerve stimula-

tion resulted in a 9-fold increase in PRA associated with

a 30% chop in RBF. Phentolamine, an alpha-achenergic

antagonist, blocked both the increase in PRA and the

decrease in RBF. When the renal artery was constricted

to produce decrements in RBF similar to those caused

by nerve stimulation, PRA increased 3-fold; however,

this increase was not affected by phentolamine. Propran-

obol prevented the renin release elicited by nerve stimu-

lation but did not mitigate the decrement in RBF. Based

on these observations, they concluded that nerve-stimu-

lated renin release was primarily mediated by changes in

RBF and that the propranobol-sensitive step in this ex-

citation-secretion process was distal to the effects of

norepinephrine on vascular smooth muscle. However, in

later studies (528) these same investigators found that d-

propranolol, which possesses only 1/100 of the beta-ad-

renergic receptor blocking activity of l-propranolol, had

no effect on nerve-stimulated renin release whereas a

racemic mixture of d,l-propranolol completely prevented

the increase in PRA. Stimulation-induced vasoconstric-

tion of the renal vasculature was increased to the same

extent after d-, or d,l-propranobol. Changes in renal salt

metabolism were not measured. As with phentolamine

(231), d,l-propranolol did not alter the rise in PRA caused

by constriction of the renal artery. Therefore, nerve-

stimulated renin release appeared to be the result of a

direct action of norepinephrine on the beta-achenergic

receptors of the granular JG cells and was not attribut-

able to changes in RBF. This conclusion is consistent

with the observation that renin release induced by non-

adrenergic mechanisms, i.e. renal artery stenosis, was not

affected by propranobol. The authors did not reconcile

this conclusion with the earlier observations (231) that

phentolamine blocked nerve-stimulated renin release.

In perhaps the most complete study of nerve-stimu-

lated renin release, Taher et al. (1072) stimulated the

renal nerves of anesthetized dogs at a frequency that

consistently increased renin secretion 5- to 10-fold with-

out altering RBF, GFR, or sodium excretion. The in-

crease in renin secretion after nerve stimulation was

blocked completely by 1- and d,l-propranolol but not by

d-propranolol. Because no significant change in MAP,

RBF, GFR, or urinary electrolyte excretion occurred in

any of these experiments, the increase in renin secretion

caused by stimulation of the renal nerves could not have

occurred via the renal baroreceptor or macula densa

mechanisms. Again, the stereospecific blockade of nerve-

stimulated renin secretion by propranolol emphasized

that the norepinephrine released by the renal nerves

impinged on beta-adrenergic receptors located on the

granular JG cells.

Because physiologic stimulation of the renal nerves

originates within the central nervous system, several

groups of researchers (100, 875, 876, 933, 1106, 1110, 1268)

have determined the effect of electrical stimulation of

central nerve tracts on renin release and RBF. Ueda et

al. (1110) stimulated the mesencephalic pressor area

(dorsal part of the central gray stratum and adjacent

areas) and observed a 5- to 9-fold increase in renal venous

PRA, a chop in RBF, and a marked increase in MAP.

Because renal denervation prevented the increase in

PRA and slightly attenuated the decrement in RBF, the

elevated renin release was considered to be due to an

acceleration of sympathetic nerve activity in the kidney;

however, sympathetic-nervous-system-induced changes

in renal salt metabolism could not be excluded. Stimu-

lation of the pressor area of the medulla oblongata in

anesthetized dogs also has been shown to elevate renin

release by 3-fold, despite the fact that MAP rose by 70%

(876). This rise in PRA was blocked by renal denervation.

Furthermore, this stimulation of renin release was im-

paired by propranolol but not by phenoxybenzamine

(875). Unfortunately, RBF and sodium excretion were

not measured (875, 876).

Zehr and Feigl (1268) found that intermittent stimu-

lation of the hypothalamus of conscious dogs lowered

MAP and increased heart rate without changing RBF.

Sixty minutes after stimulation had began, PRA was

lowered by 50% in dogs consuming a low or normal

sodium diet. After propranolol pretreatment, which low-

ered basal PRA values, hypothalamic stimulation failed

to cause a further decrement in renin release. In addition,

renal denervation, which resulted in a 50% chop in basal

PRA, also prevented the decrement in PRA elicited by

hypothalamic stimulation in both normal and sodium-

depleted dogs. They concluded that the sympathetic

nervous system has a “tonic” stimulatory effect on renin

secretion that could be inhibited by the activation of

fiber tracts originating in the hypothalamus. In similar

studies in anesthetized cats, Richardson et al. (933) found

that excitation of the dorsolateral pons elevated MAP by

40%, decreased RBF by 28%, and increased renin secre-

tion by 100%. Unilateral renal denervation before pontine

stimulation prevented the increase in renin secretion and

the decrement in RBF in the denervated, but not in the

intact, kidney. Furthermore, a unilateral renal arterial
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infusion of phenoxybenzamine increased the basal rate

of renin secretion, potentiated the renin release elicited

by pontine stimulation, and prevented the decrement in

RBF during central stimulation. These effects of phen-

oxybenzamine were restricted to the infused kidney. In-

travenously administered propranolol completely

blocked the 4-fold increment in renin secretion and en-

hanced the renal vasoconstriction caused by pontine

stimulation (933). An increase in PRA, which was

blocked by renal denervation, has been described when

the supramammillary portion of the hypothalamus was

stimulated in anesthetized rats (786). In addition, elec-

trical stimulation of the defense area near the superior

colliculus has been shown to increase PRA, MAP, and

heart rate in anesthetized dogs (100).

Therefore, it is apparent that remn release can be

elevated or suppressed by higher centers in the central

nervous system via changes in the level of renal nerve

activity. These nerve-induced alterations of renin release

are mediated via intrarenal beta-achenergic receptors

and are independent of changes in RBF. More impor-

tantly, the renal nerve-mediated alterations of renin

release caused by stimulation of the central nervous

system are not affected by the increments and deere-

ments in MAP that occurred during central stimulation.

Ueda (1106) has reviewed the anatomical relationships

of the areas of the central nervous system mentioned

above (100, 875, 876, 933, 1110).

Because renal sympathetic nerve activity has been

shown to be inversely related to carotid sinus pressure

(579, 802), the effect of bilateral occlusion of the carotid

arteries below the carotid sinus on renin release has been

studied (136, 164). Initially, Skinner et al. (1023) found

that bilateral carotid occlusion failed to change PRA in

vagotomized, anesthetized dogs, but later (164) they dis-

covered that this maneuver did indeed elevate renin

release if renal perfusion pressure was maintained at

control levels. About this same time, it was reported that

plasma All levels were increased during bilateral carotid

occlusion in anesthetized dogs (485). This . �aneuver also

increased PRA in normal and sodium-depleted dogs, and

this increase was accentuated if renal perfusion pressure

was controlled (722). However, Brennan et al. (136) could

find no correlation between carotid sinus pressure and

renin release in vagotomized or intact animals even if

renal perfusion pressure was held constant.

In a similar fashion, Brosnihan and Travis (142) failed

to find a significant increase in PRC during bilateral

carotid occlusion in anesthetized cats whose basal rates

of remn release had been suppressed by saline infusion.

In contrast, Cunningham et al. (244) demonstrated that

carotid sinus hypotension resulted in a rapid, sustained,

reflex increase in PRA in sodium-depleted, vagotomized,

anesthetized dogs whose aortic pressures were held con-

stant by the use of an external pressurized reservoir

connected to the arterial system. When carotid sinus

pressure was lowered from 115 to 79 mm Hg, PRA

increased by 60% and heart rate was unchanged. If ca-

rotid sinus pressure was lowered to 15 mm Hg, PRA and

heart rate increased by 75% and 17%, respectively. Thus,

the magnitude of the increase in PRA did not appear to

be related to the magnitude of the decrease in carotid

sinus pressure. Denervation of the carotid sinuses pre-

vented the rise in PRA elicited by bilateral carotid occlu-

sion, but the efferent pathway (probably the renal sym-

pathetic nerves) was not identified. Cunningham et a!.

(244) felt that the failure of some investigators to observe

an increase in renin release during carotid sinus hypoten-

sion was due to volume expansion with saline or failure

to control both aortic pressure and afferent vagal baro-

receptor input.

Other neural pathways may operate to modify renin

release with the stimulus originating in one or more of

the peripheral cardiopulmonary receptors (21, 484, 689-.

691, 1081, 1083, 1084, 1269). With a cardiac autotrans-

plantation technique that left the atrial receptors innerv-

ated and the ventricular receptors denervated, Thames

et al. (1084) noted that the usual increase in PRA during

nonhypotensive hemorrhage in anesthetized dogs was

greatly attenuated. Several years later, cardiopulmonary

receptors in the atria, ventricles, and lungs were found to

suppress the firing rate of the achenergic nerves that

innervate the peripheral vascular beds, including the

kidney (689). Prompted by these earlier studies, Mancia

et al. (690) discovered the existence of vagally-innervated

receptors in the cardiopulmonary region that continu-

ously inhibited remn release. In anesthetized dogs whose

aortic nerves had been severed and whose carotid sinuses

had been vascularly isolated in order to maintain intra-

sinus pressure at control levels, interruption of afferent

vagal impulses by bilateral cooling of the cervical vagi

caused a 5-fold increment in PRA that was associated

with a 7% fall in RBF. Because the changes in PRA and

RBF observed during vagal cooling were prevented by

prior renal denervation, the authors felt that vagal affer-

ents from the heart and lungs exerted a tonic restraint

on renin release by suppressing efferent renal nerve ac-

tivity. Similarly, an increase in right atrial stretch sup-

pressed PRA in anesthetized dogs, an effect prevented

by bilateral cervical vagotomy (21). Progressive disten-

sion of the superior vena cava-right atrial junction re-

sulted in graded decrements (1 to 2 mm Hg) in right

atrial pressure in sodium-depleted, anesthetized dogs

(141). Renin secretion progressively increased to four

times the control value, whereas MAP and RBF were

unchanged. Thus, a decrement in atrial pressure of less

than 1 mm Hg was capable of initiating reflex stimulation

of renin secretion (141). Mechanical distention of the left

atrial-pulmonary region ofsodium-depleted, anesthetized

dogs has been shown by Zehr et al. (1269) to suppress

the rate of renin secretion by 50% within 5 mm after

distention had begun. Central venous pressure, MAP,

and RBF were unchanged. This rapid suppression of

renin secretion was prevented by either renal denervation
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or bilateral cervical vagotomy, which indicated that left

atrial distention reduced renin secretion via vagal affer-

ent and renal sympathetic efferent nerve pathways. Ven-

tricular receptors with vagal afferents that reflexly sup-

press renin secretion also have been identified (1081).

Nonhypotensive hemorrhage of anesthetized dogs in-

creased renin secretion 3-fold without affecting RBF.

The administration of the veratrum alkaloid cryptena-

mine into the left coronary artery lowered MAP and

heart rate and completely ablated the renin response to

hemorrhage despite the fact that MAP chopped by 15%.

Vagotomy prevented cryptenamine from impairing hem-

orrhage-induced renin release (1081).

After the afferent and efferent limbs of these cardio-

pulmonary receptors had been located (21, 690, 1081,

1269), Thames et al. (1083) examined the interactions

between the carotid baroreceptors and the cardiopul-

monary receptors in the control of renin release. If the

aortic nerves of anesthetized dogs were cut, but the

carotid sinuses left intact, vagal cold block increased

MAP and inhibitory nerve traffic from the carotid baro-

receptors but had no effect on renin secretion. However,

if the aortic nerves were severed and the carotid sinuses

were vascularly isolated to maintain intrasinus pressure

at control levels, vagal cold block elevated renin secre-

tion. Furthermore, a nonhypotensive hemorrhage in-

creased renin secretion in intact, but not in vagotomized

dogs. Based on these and previous observations (21, 136,

689, 690, 1081, 1084, 1269), Thames et al. (1083) stated

that 1) cardiopulmonary receptors with vagal afferent

pathways tonically inhibit renin release even in the pres-

ence of a normally functioning carotid baroreceptor sys-

tern, 2) these cardiopulmonary receptors can respond to

a decrease in central blood volume that does not activate

the arterial baroreceptors, and 3) the normal buffering

effects of the arterial baroreceptors can inhibit the in-

crease in renin secretion that normally results from com-

plete interruption of vagal afferent nerve activity origi-

nating in the cardiopulmonary receptors. These conclu-

sions are completely consistent with the observation that

these same cardiopulmonary receptors actively oppose

the renal vasoconstriction resulting from carotid sinus

hypotension (691).

The . existence of cardiopulmonary-volume receptors

that control remn release in humans has been questioned

(481, 645). Hesse et al. (481) discovered that an acute

10% reduction in blood volume in humans did not in-

crease PRA even though right atrial pressure was de-

creased. Mean arterial pressure did not change in these

experiments. Previous investigators (147, 160, 390, 479)

also had reported that the removal of 400 to 600 ml of

blood from humans did not increase PRA. Recently,

Mark et al. (695) attempted to assess the effects of the

low pressure-cardiopulmonary and high pressure-carotid

baroreceptors on renin release in man by using graded

lower body suction. Lower body suction at -10 and -20

mm Hg decreased central venous pressure without af-

fecting arterial pulse pressure. This maneuver produced

vasoconstriction in the forearm, but PRA did not change.

It was assumed that low-pressure, but not high-pressure

baroreceptor inhibition was reduced by this degree of

negative pressure. When lower body suction was in-

creased to -40 mm Hg, central venous pressure and

arterial pulse pressure were reduced and forearm vascu-

lar resistance and heart rate were increased. These

changes were thought to indicate a reduction in the

inhibition of the sympathetic nervous system by both

the low- and high-pressure baroreceptors. In the latter

experiments, PRA rose from 2.1 to 7.4 ng of Al/mi/br,

and this increase was blocked by propranolol. Mark et

a!. concluded that a decrease in cardiopulmonary baro-

receptor restraint in humans did not result in an increase

in renin release in the presence of tonic inhibition from

the carotid baroreceptors (695), which is in accord with

the observations made by Thames et al. (1083) in anes-

thetized dogs. These results also may explain why PRA

did not rise in humans subjected to mild hemorrhage

(147, 160, 390, 479).

On the other hand, Kiowski and Julius (592) found

that renin release was stimulated when the cardiopul-

monary mechanoreceptors of healthy volunteers were

activated by impeding venous return to the heart with

leg tourniquets. The inflation of thigh cuffs decreased

right atrial pressure, cardiopulmonary blood volume, and

cardiac output, but did not alter intraarterial systolic and

diastolic pressure, the pulse pressure, or intraabdominal

pressure. The rise in PRA caused by this procedure was

blocked by propranolol and was absent in patients with

recently transplanted kidneys. Kiowski and Julius (592)

suggested that Mark et al. (695) did not observe an

increase in PRA with the lower levels of lower body

suction, which did not alter the arterial baroreceptors,

because intraabdominal pressure decreased and because

they sampled blood over too short a time. Thus, the

existence of cardiopulmonary-volume receptors that con-

trol renin release in humans remains controversial, and

Hesse et al. (481) have hypothesized that the differing

sensitivity of the low pressure volume receptors in hu-

mans and dogs might be related to the fact that the

frequent shift from the supine to the upright position in

humans probably causes greater pressure/volume reduc-

tions in the atria than does nonhypotensive hemorrhage

or a small amount of lower body negative pressure.

Since mechanoreceptors in the heart and lungs inhibit

renin release by way of afferent vagal and efferent renal

sympathetic pathways (21, 136, 689, 690, 1081, 1084,

1269), the effects of bilateral cervical vagotomy on renin

release are of interest. As early as 1969, bilateral cervical

vagotomy was reported to elevate the plasma concentra-

tion of All (484), but only in recent years has the effect

of this denervation on remn release been characterized

(142, 1252, 1253, 1260). Bilateral cervical vagotomy has

been shown to increase PRC in anesthetized cats even if

extracellular fluid volume was markedly increased by the
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i.v. infusion of saline (142). This is a significant finding

since volume expansion has been demonstrated to de-

crease renal nerve activity markedly in conscious cats

with either intact or denervated baroreceptors (986). It

is tempting to speculate that volume expansion sup-

presses renal sympathetic nerve traffic via the cardiopul-

monary receptors mentioned above. Zanchetti (1260)

found that cervical vagotomy caused a rapid, but short-

lived, elevation of renin secretion in anesthetized cats

that was blocked by renal denervation. Other investiga-

tors (21) have noted an increase in renin release in

anesthetized dogs after bilateral cervical vagotomy. In

perhaps the most comprehensive set of studies, Yun et

al. (1252, 1253) examined the effect of cervical vagotomy

and/or sinoaortic denervation on renin release in anes-

thetized, sodium-loaded dogs in which renal perfusion

pressure was maintained at the control level by means of

a suprarenal, aortic snare. Ninety minutes after bilateral

cervical vagotomy, PRA was increased 3-fold and MAP

was slightly elevated. Sinoaortic denervation alone in-

creased PRA 7-fold and MAP by 28%. Vagotomy after

sinoaortic denervation did not affect blood pressure but

did result in a further increment in PRA. Propranolol

completely prevented the increase in PRA elicited by

sinoaortic denervation and vagotomy, but did not block

the rise in blood pressure (1252). Later it was found that

renal denervation alone blocked about 80% of the in-

crease in renin release observed after sinoaortic dener-

vation and vagotomy, and the residual effect was ablated

by prior achenalectomy (1253). Yun et al. concluded that

the increase in PRA after sinoaortic denervation resulted

from an increase in sympathetic nerve discharge to the

kidneys and nerve-induced release of . catecholamines

from the achenal medulla whereas the increase in PRA

seen after bilateral cervical vagotomy was due to an

elevation of renal nerve activity alone (1252, 1253). These

data are consistent with the earlier observations that

vagotomy is followed by an increase in renal sympathetic

nerve activity (222, 689).

In summary, it is apparent that the renal sympathetic

nerves have a profound influence on renin release, and

renal nerve activity is, in turn, controlled by several

neural reflex arcs. It should be mentioned that acceler-

ated renal sympathetic nerve activity has been impli-

cated as a cause for the increased renin release that

accompanies or follows psychosocial stimuli (219), audi-

tory stimuli (1122), intermittent electrical shock (647),

and exercise (649) in rats; immobilization stress in rabbits

(1101); heat stress (305) and avoidance operant condi-

tioning (101) in baboons; heat stress (607), running ex-

ercise (606), the hypnotic suggestion of running (605),

mental arithmetic (604), psychosocial stimuli (220), op-

erant conditioning for cardioacceleration (1251), ethanol

intoxication and hangover (663), passive-tilt (318, 846),

upright posture (224), and high renin hypertension (316)

in humans.

B. INCREASED CIRCULATING LEVELS OF CATECHOL-

AMINES. In 1964, it was discovered that the i.v. infusion

of norepinephrine into anesthetized dogs elevated the

concentration of All in the blood, and this increase was

potentiated if renal perfusion pressure was held constant

by means of a suprarenal, aortic clamp (997). A year

later, Vander (1115) found that both norepinephrine and

epinephrine stimulated renin release in anesthetized dogs

in which renal perfusion pressure was held at the control

level. Since this increase in renal venous PRA was accom-

panied by a decrease in GFR and sodium excretion, and

since the induction of osmotic diuresis with mannitol

reduced this catecholamine-induced renin release, it was

proposed that norepinephrine and epinephrine elevated

PRA by activation of the macula densa. However, a

direct action of norepinephrine and epinephrine on the

granular JG cells could not be excluded. Some years

later, Wathen et al. (1177) reported that intrarenal infu-

sions of norepinephrine and epinephrine rapidly in-

creased renin secretion in anesthetized dogs. Sodium

excretion was depressed, and MAP did not change. In-

travenously administered norepinephrine actually de-

creased renin secretion as MAP rose; therefore, these

authors concluded that intrarenally administered cate-

cholamines stimulated renin secretion by constricting the

renal afferent arterioles and this effect could be ovemd-

den by an increase in MAP (1177). The rernn-releasing

effects of norepinephrine in anesthetized dogs were sub-

sequently confirmed, and, in addition, isoproterenol was

reported to have no effect on remn release (164). Nash et

a!. (783) demonstrated that the diminution of renal func-

tion precipitated by intrarenally infused norepinephrine

did not appear to be the stimulus for norepinephrine-

induced renin release since the simultaneous infusion of

saline into the canine kidney did not block the renin

release caused by high doses of norepinephrine. In sub-

sequent years, Johnson et a!. (535) showed that both

epinephrine and norepinephrine stimulated renin secre-

tion from the nonfiltenng kidneys of anesthetized dogs

in association with a large decrement in RBF. Since prior

dilatation of the renal afferent arterioles with papaverine

prevented the increment in renin secretion caused by

epinephrine, but not norepinephrine, it was suggested

that epinephrine increased renin secretion by vasocon-

strictor activation of the renal baroreceptor whereas

norepinephrine increased renin secretion by a direct ac-

tion on the granular JG cells. Considerably more interest

in the subject was aroused when DeChamplain et al.

(261) and Gordon et al. (402) showed that i.v. norepi-

nephrine and epinephrine elevated PRA in normal and

hypertensive humans in the presence of either a small

(261) or large (402) pressor response. Again, this renin

release was thought to be due to afferent arteriolar

vasoconstriction (402). Isoproterenol was tested again in

dogs, but was found to increase PRA only in dogs with

chronic renovascular hypertension (37). Normal dogs

exhibited little renin response to isoproterenol (37).

Beginning in 1970, research in this area progressed

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


98 KEETON AND CAMPBELL

rapidly, and soon it was established that norepinephrine

and epinephrine elevated renin release by direct stimu-

lation of beta-achenergic receptors on the granular JG

cells. In the first thorough pharmacologic analysis of

norepinephrine-induced renin release, Ueda et a!. (1109)

measured changes in the PRA of renal venous blood

during the i.v. delivery of norepinephrine into anesthe-

tized dogs. A dose of 10 �.tg/kg/min of norepinephrine

elevated PRA 3-fold as blood pressure rose, and RBF,

GFR, and salt excretion chopped. Dibenamine, an alpha-

adrenergic antagonist, completely reversed the effects of

norepinephrine on RBF, GFR, and salt excretion, but did

not alter the ability of norepinephrine to elicit renin

release. Propranolol did impair norepinephrine-induced

renin release. Furthermore, small doses of isoproterenol

elevated PRA but failed to alter RBF, GFR, and salt

excretion. This effect of isoproterenol was prevented by

propranolol but not by renal denervation. These re-

searchers (1109) concluded that norepinephrine elicited

an increase in renin release by a direct action on the

granular JG cells. Another group of investigators (29,

856) chose a different, but quite ingenious, method of

studying the renin response to increased blood levels of

epinephrine. By inducing hypoglycemia with insulin,

they were able to increase the release of epinephrine

from the achenal medulla in anesthetized dogs. A 3- to 5-

fold increase in the plasma concentration of epinephrine

(plasma norepinephrine did not change) led to a 2- to 3-

fold elevation of PRA in the absence of any change in

blood pressure. The decrement in plasma potassium con-

centration attendant to insulin treatment may have been

a partial stimulus to renin release, but maintenance of

plasma potassium at control levels during hypoglycemia

did not prevent the increase in PRA. More importantly,

unilateral achenalectomy and denervation of the remain-

ing achenal gland lowered basal renin release and reduced

the renin response to hypoglycemia, whereas renal de-

nervation was without effect. Additional experiments

revealed that hypoglycemia-induced renin release was

blocked by propranolol and potentiated by phenoxybenz-

amine. In similarly prepared animals, i.v. infusions of

epinephrine sufficient to elevate plasma epinephrine con-

centrations to those observed during insulin-induced hy-

poglycemia provoked an increase in PRA that was

blocked by propranolol and potentiated by phenoxybenz-

amine.

Up to this point it appeared that renin release from

the kidney was a beta-achenergically-mediated event.

However, this idea was brought into serious doubt when

Winer et a!. (1227) reported that the increase in renin

release caused by the i.v. infusion of norepinephrine into

anesthetized dogs was blocked by either propranolol or

phentolamine. In addition, the elevation of PRA that

resulted from an intrarenal infusion of isoproterenol was

prevented by the i.v. infusion of phentolamine, I-pro-

pranolol, d-propranolol, or practolol, but was not affected

by lidocaine. The intrarenal administration of cyclic

AMP also elicited renin release that was impaired by

propranobol or phentolamine. In order to explain these

startling results, the authors hypothesized that cyclic

AMP was the intracellular mediator of renin release and

that the blockade of norepinephrine-, isoproterenol-, and

cyclic AMP-induced renin release by propranolol and

phentolamine was due to an action of these antagonists

at a site distal to cyclic AMP production. Presumably,

this site of action was inside the granular JG cells rather

than at the sarcolemma. It should be pointed out that

the majority of the reports in this area of research do not

support the observations with receptor antagonists made

by Winer et al. (1227).

For instance, Tanigawa et al. (1078) found that the

increments in PRA caused by norepinephrine, epineph-

rine, and isoproterenol were blocked by propranolol, but

not by phenoxybenzamine. Furthermore, the potency

ratio between these catecholamines for the stimulation

of renin release was isoproterenol > epinephrine > nor-

epinephrine, a rank order that was identical to that

reported by Pettinger et a!. (890) for the conscious rat.

Assaykeen et al. (31) also demonstrated that the increase

in PRA caused by isoproterenol in anesthetized dogs was

blocked by d,l- or l-propranolol, but not by d-propranolol,

phentolamine, or phenoxybenzamine. In addition, the

effects of alpha- and beta-achenergic receptor antagonists

on nerve-stimulated remn release (vide supra) and their

effects on norepinephrine- and epinephrine-induced

renin release in vitro (vide infra) convincingly indicate

that norepinephrine and epineph.rine elevate renin

release by stimulating beta-achenergic receptors on the

granular JG cells.

Early reports indicated that isoproterenol was not

capable of eliciting renin release (37, 164), but in subse-

quent years numerous investigators have found isopro-

terenol to be a potent agonist for renin release. Isopro-

terenol-induced renin release has been reported in anes-

thetized dogs (31, 123, 212, 928, 1078, 1109, 1227), con-

scious dogs (421, 482a), anesthetized normotensive rats

(737, 738, 887), conscious normotensive rats (645, 890,

893), conscious hypertensive rats (893), and both nor-

motensive (252, 619, 646) and hypertensive (619) humans.

Furthermore, propranolol has been demonstrated to

block or impair isoproterenol-stimulated renin release in

anesthetized dogs (31, 212, 1078, 1109, 1227), conscious

dogs (482a), anesthetized rats (737, 738), conscious nor-

motensive rats (645), and normotensive humans (646). In

1972, Reid et al. (928) questioned the belief that only

intrarenal beta-achenergic receptors are stimulatory to

renin release. They found that i.v. isoproterenol increased

both PRA and the rate of renin secretion in anesthetized

dogs despite the maintenance of constant renal perfusion

pressure by an aortic clamp. In contrast, no significant

change in PRA occurred during the direct intrarenal

arterial infusion of isoproterenol. Since the effect of i.v.
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isoproterenol occurred in the absence of changes in

plasma potassium levels, renal perfusion pressure, GFR,

RPF, and electrolyte excretion and was not abolished by

renal denervation or hypophysectomy, these researchers

suggested that the effect of isoproterenol on renin secre-

tion was mediated by some circulating factor of nonpi-

tuitary origin. However, this study (928) must be inter-

preted with caution as careful examination of the data

reveals that: 1) due to high levels in two dogs, there was

a remarkable amount of variation (the standard error

was more than 50% of the mean) in the control renin

release values of the animals given isoproterenol intra-

renally; 2) a second intrarenal infusion of isoproterenol

was given to two dogs even though the control values

were two to three times greater than those values seen

before the first isoproterenol infusion; and 3) almost

twice as many studies were performed with i.v. than with

intrarenal administration. More importantly, other in-

vestigators have shown that isoproterenol is quite effi-

cacious in elevating PRA when infused directly into the

kidneys of anesthetized dogs (31, 123, 212, 1078, 1227),

into isolated perfused kidneys (1125, 1135, 1157), or added

to renal cortical slices in vitro (1197).

However, it should be pointed out that more recent

studies by Johnson et al. (535a, 537a) support the idea

that circulating catecholamines may increase PRA by

activation of extrarenal beta-adrenergic receptors. The

i.v. infusion of epinephrine into conscious uninephrec-

tomized dogs elevated PRA by 3.5-fold, but the infusion

of epinephrine into the renal artery did not increase

PRA. Mean arterial pressure decreased in the former

situation but not in the latter experiment. The renin

response to epinephrine was blocked by l-propranolol.

Intravenously-administered isoproterenol increased

PRA more than did epinephrine, but epinephrine was

more potent than norepinephrine (537a). Subsequently,

it was shown that the rise in PRA caused by i.v. epineph-

rine in conscious dogs was not blocked or impaired by

splenectomy (to prevent the increase in hematocrit

caused by epinephrine), renal denervation (to prevent

the reflex activation of the renal sympathetic nerves),

the maintenance of plasma potassium concentration (to

counteract the hypokalemia caused by epinephrine), or

indomethacin (to inhibit the synthesis of prostaglandins)

(535a). The authors concluded that the intrarenal beta-

achenergic receptors controlling renin release were acti-

vated only by increasing neural activity or by concentra-

tions of circulating catecholamines above the physiologic

range.

Hypertension caused by pheochromocytoma is associ-

ated with increased circulating levels of epinephrine and!

or norepinephrine and PRA is often elevated in these

patients (483, 502, 687, 1151). Maebashi et al. (687) noted

that those patients who had tumors that secreted more

norepinephrine than epinephrine had elevated PRA val-

ues whereas those patients who secreted more epineph-

rine than norepinephrine exhibited normal renin values.

Conversely, Vetter et al. (1151) reported just the opposite

situation. Fray et al. (352) studied the effects of hyperse-

cretion of norepinephrine from a transplantable pheo-

chromocytoma on renin release. The rats possessing this

tumor had suppressed PRA values not related to changes

in renal renin content. Furthermore, renal baroreceptor-

stimulated renin release was suppressed in isolated, per-

fused kidneys taken from these animals. The exact role

of catecholamines in altering renin release in pheochro-

mocytoma is in need of further study.

Concerning the role of dopamine in renin release, it

was originally reported that intrarenally administered

dopamine increased renin release if given to dogs with

chronic hypertension but was without effect in normal

dogs (37). Later, i.v. dopamine in doses that resulted in

a significant elevation of blood pressure was found to

increase PRA in anesthetized dogs (856). Chokshi et a!.

(212) reported that the administration of dopamine di-

rectly into the renal artery of anesthetized dogs resulted

in a slight decrement in renal venous PRA and an mere-

ment in RBF in both the presence and absence of pro-

pranolol. However, Imbs et a!. (514) found that renin

secretion increased 4-fold when dopamine was infused

into the denervated kidneys of anesthetized dogs. Renal

blood flow rose, but MAP, urine volume, and sodium

excretion were not altered. Furthermore, the dopami-

nergic antagonist haloperidol, but not propranolol,

blocked the increments in renin secretion and RBF

caused by dopamine. Thus, dopamine-induced renin

release appeared to be due to activation of specific do-

pamine receptors within the kidney.

Dopamine has not been demonstrated to have a con-

sistent effect on renin release in humans. On the basis of

changes in PRA and changes in the ratio of dopamine/

norepinephrine in the urine in response to upright pos-

ture in normotensive and hypertensive patients, Barbeau

(55) postulated that an increase in the ratio of dopamine/

norepinephrine at the kidney would inhibit renin release.

Horky et a!. (502) reported a similar negative correlation

between the ratio of urinary dopamine/norepinephrine

and PRA, in both the recumbent and upright position, in

71 patients suffering from hypertension of differing

causes. However, when dopamine was actually infused

into normal humans, PRA either did not change (35,

810a) or was increased (1212). In the latter case (1212),

equipressor doses of dopamine and norepinephrine had

exactly the opposite effects on renin release. When do-

pamine was infused i.v. into cirrhotic patients with ele-

vated PRA values and various degrees of renal impair-

ment, PRA decreased in conjunction with an increase in

RPF (58). Since MAP and sodium excretion were un-

changed, the decrement in PRA probably was due to the

increase in afferent arteriolar wall tension that occurred

when the renal vasculature was vasodilated at a constant

renal perfusion pressure (58). Since dopamine, unlike
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norepinephrine or epinephrine, vasodilates the renal vas-

culature in doses that elevate MAP (712), and since

dopamine has become a useful agent in the treatment of

cardiogenic shock, the effects of dopamine on renin

release in humans need to be better defined.

C. EFFECTS OF CATECHOLAMINES ON RENIN RELEASE

IN VITRO. A number of investigators have used renal

cortical slices in vitro to examine the direct action of

catecholamines on renin release, thereby eliminating he-

modynamic, tubular, hormonal, and neurogenic influ-

ences. In the first study of this type, Michelakis et a!.

(744) found that both norepinephrine (2.7 x 10_6 M) and

epinephri.ne (5.4 x 10_6 M) increased the “net produc-

tion” of renin from canine renal cell suspensions. Several

years later, Rosset and Veyrat (961) reported that nor-

epinepbrine (i0� M) stimulated renin release from hu-

man kidney slices in vitro. Renin release from feline renal

cortical cells also was reported to be stimulated by iso-

proterenol as well as by norepinephrine and epinephrine

(526). In the first thorough pharmacologic study, Nolly

et al. (805) observed that l-norepinephrine elicited a

concentration-related increase in renin release whereas

d-norepinephrine was without effect. In addition, norepi-

nephrine-induced renin release was blocked by 1-, but not

d-, propranolol. Neither phentolamine nor phenoxybenz-

amine affected basal renin release in vitro, but both

alpha-achenergic antagonists potentiated the renin

release caused by l-norepinephrine (805). When ascorbic

acid was added to the incubation media in order to

prevent the oxidation of catecholamines, Weinberger et

a!. (1 197) discovered that norepinephrine, epinephrine,

and isoproterenol elicited a concentration-related in-

crease in renin release from rat kidney slices at concen-

trations ranging from iO� M to i0� M. Thus, Weinber-

ger et al. (1197) demonstrated that both norepinephrine

and epinepb.rine were capable of elevating renin release

in vitro in concentrations that were comparable to those

observed in conscious rats in vivo (945). In addition,

norepinephrine-, epinephrine-, and isoproterenol-in-

duced renin release was inhibited by d,l- and l-propran-

olol but was not affected by d-propranolol or phentol-

amine. Recently, a new technique has been developed

whereby remn release from isolated rat glomeruli can be

studied (771). When superfused in vitro, these glomeruli,

which include fragments of afferent arteriole but are free

of renal tubules, increased their rate of renin release

when exposed to norepinephrine, epinephrine, or isopro-

terenol.

Concerning the effect of dopamine on renin release in

vitro, Henry et a!. (474) found that a significant increase

in renin release occurred at dopamine concentrations of

io� M in the presence of ascorbic acid. However, when

tissue monoamine oxidase was inhibited with phempra-

zine, as little as 10_8 M dopamine elevated renin release.

Because dopanune-induced renin release was blocked by

d,l-propranolol, but was not altered by phentolamine,

cocaine, or haloperidol, it was concluded that dopamine

stimulated renin release by interacting with beta-ache-

nergic receptors rather than dopaminergic receptors.

These observations are in direct opposition to those of

Imbs et a!. (514), who stated that dopamine-induced

renin release was due to stimulation of specific dopamine

receptors within the kidney. As mentioned previously,

the effects of dopamine on renin release need to be better

characterized.

Catecholamines also increase renin release from the

isolated, perfused kidneys of rats (1016, 1125, 1131, 1135),

rabbits (1157), and cats (444). In the first studies of this

type, Vandongen et al. (1125, 1135) determined that

isoproterenol elevated renin release from the Krebs-dex-

tran perfused rat kidney in the absence of any change in

perfusion pressure or perfusate flow. The elevation of

renin release caused by isoproterenol occurred rapidly

and was prevented by d,l-propranolol but not by d-pro-

pranolol or phenoxybenzamine. Norepinephrine in-

creased renin release 4- to 6-fold in association with a

60% increase in renal perfusion pressure and no change

in perfusate flow. The increment in renin release elicited

by norepinephrine was blocked by d,l-propranolol and

was greatly potentiated by phenoxybenzamine, which

also prevented the rise in renal perfusion pressure. In

later studies, these same researchers (1131) found that

nonvasconstrictor doses of both norepinephrine and ep-

inephrine stimulated renin release in this system and, as

before, this stimulation of enzyme release was prevented

by d,l-propranolol and accentuated by phenoxybenz-

amine. Small doses of isoproterenol also have been dem-

onstrated to elevate renin release from the isolated,

blood-perfused rabbit kidney in the absence of changes

in renal vascular resistance, RPF, or serum potassium

levels (1157). Again, isoproterenol-induced renin release

was blocked by propranolol (1157). Harada and Rubin

(444), in isolated feline kidneys perfused with Locke’s

solution, found that norepinephrine caused a dose-re-

lated increase in renin release in the presence of phen-

oxybenzamine that was blocked by propranolol.

Related to catecholamine stimulation of renin release,

Fishman (339) studied the effect of epinephrine on the

membrane potential of granular JG cells in vitro. Me-

chanically isolated granular JG cells from mice exhibited

a resting potential of approximately -70 mV, and epi-

nephrine (10� M) slightly hyperpolarized the cells. Epi-

nephrine also has been shown to hyperpolarize smooth

muscle cells and, as mentioned above, the granular JG

cells are modified smooth muscle cells. Thus, at the

cellular level, catecholamines may increase renin release

from granular JG cells by hyperpolarization and a sub-

sequent alteration of calcium transport.

D. ROLE OF ALPHA-ADRENERGIC RECEPTORS IN RENIN

RELEASE. As was seen in the preceding discussion, a

wealth of information has accumulated to indicate that

the renal sympathetic nerves and circulating norepineph-
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rine and epinephrine elicit renin release by the stimula-

tion of intrarenal beta-achenergic receptors rather than

by altering renal hemodynamics or electrolyte excretion.

This concept is of cardinal importance when considering

the effects of drugs on renin release since most drugs,

either directly or indirectly, alter the functional status of

the autonomic nervous system. While the stimulatory

role of beta-achenergic receptors in the control of renin

release is quite clear, the exact�role of renal alpha-ache-

nergic receptors is a subject of controversy.

Several investigators have hypothesized that alpha-

achenergic receptor stimulation may inhibit renin release.

The first suggestion of such an occurrence was by Pettin-

ger et a!. (890), who constructed renin release dose-re-

sponse curves with norepinephrine, epinephrine, and iso-

proterenol in conscious rats. Whereas isoproterenol elic-

ited a linear, dose-related increase in PRA, epinephrine

stimulated renin release at small doses but depressed

PRA values back to the control level as the dose was
increased. On the other hand, norepinephrine caused a

dose-related decrease in PRA (down to 85% of the control

value) at low doses, but renin release was stimulated as

the dose of norepinephrine was increased. It was sug-

gested that a dynamic balance existed between beta-

achenergic stimulation and alpha-achenergic depression

of renin release in this model. However, this study was

limited by the fact that the patterns of remn release

obtained could be explained partly on the basis of the

changes in blood pressure caused by these agents. Later

Vandongen and Peart (1133) reported that the alpha-

achenergic agonist methoxamine antagonized isoproter-

enol-induced renin release in the isolated, perfused rat

kidney. In addition, methoxamine has been demon-

strated to prevent isoproterenol-induced renin release

from rat kidney slices in vitro (1197). The fact that alpha-

achenergic antagonists have been shown to potentiate

norepinephrine-induced renin release from kidney slices

in vitro (805) and from the isolated perfused rat kidney

(1125, 1131, 1135) could be interpreted as evidence for

alpha-achenergic receptor-mediated inhibition of renin

release.

However, other explanations for these results are pos-

sible. For instance, Weinberger et al. (1197) have sug-

gested that the potentiating effect of alpha-achenergic

blocking agents on norepinephrine-induced renin release

in vitro was due to the ability of these drugs to block the

uptake of norepinephrine and thereby increase the

amount of norepinephrine available for beta-achenergic

receptor stimulation. Furthermore, these investigators

demonstrated that methoxamine inhibited isoproterenol-

induced renin release in vitro by beta-achenergic block-

ade rather than by alpha-achenergic stimulation (1197).

As was pointed out by Adler-Graschinsky and Langer

(9), the concentration of norepinephrine required to ac-

tivate postjunctional alpha-achenergic receptors is 30 to

100 times higher than that necessary to activate post-

junctional beta-achenergic receptors. This being the case,

norepinephrine should stimulate renin release in vitro at

small doses and inhibit release at large doses if alpha-

achenergic activation does indeed inhibit renin release.

In this respect, Desaulles et a!. (272), Cappom and Va!-

lotton (189), and Morris et a!. (771a) reported that nor-

epinephrine (i0� M) inhibited renin release from rat

kidney slices in vitro. In these studies, isoproterenol was

shown to cause a concentration-related increase in renin

release that was lessened by d,l-propranolol. Further-

more, the inhibitory effect of norepinephrine on renin

release was reversed by phentolamine (272, 771a) and

phenoxybenzamine (189). In a similar fashion, low con-

centrations (10_12 to i0� M) of norepinephrine caused a

dose-related increase in renin release from renal cortical

slices obtained from sodium-depleted rats, but a higher

concentration (i0� M) of norepinephrine inhibited renin

release (669). In the presence of phentolamine, this high

concentration of norepinephrine (10� M) stimulated

renin release (669). These results suggest that there is a

bimodal dose-response curve for norepinephrine-induced

renin release in vitro. However, other investigators (805)

have reported that norepinephrine elevated renin release

at the same concentration (i0� M) used by Capponi and

Vallotton (189). Morris et a!. (771a) also found that

epinephrine (10� M) and methoxamine (10� M) in-

hibited renin release, an effect blocked by phentolamine.

The alpha-achenergic agonists phenylephrine, oxymeta-

zoline, and clonidine did not change remn release in vitro.

More recently, Meyer and Herrmann (733) reported that

tyramine, an indirectly acting sympathomimetic agent,

diminished isoproterenol-induced renin release in a dose-

dependent fashion in conscious rats. If the dose of iso-

proterenol was increased, tyramine no longer attenuated

the effect of isoproterenol on renin release. Since renal

denervation or pretreatment with reserpine or phenoxy-

benzamine abolished the inhibitory effect of tyramine on

isoproterenol-induced renin release, it was concluded

that tyramine released catecholamines that acted on

inhibitory alpha-achenergic receptors within the kidney.

It is interesting to note that a very small dose of tyramine

potentiated the rise in PRC elicited by isoproterenol.

The authors (733) suggested that this small dose of

tyramine released an amount of norepinephrine that,

although too small to activate the inhibitory alpha-ad-

renergic receptors, was sufficient to activate stimulatory

beta-achenergic receptors. This suggestion is consistent

with the greater potency of norepinephrine at beta-ad-

renergic receptors as compared to alpha-achenergic re-

ceptors (9). It is probable that the inhibitory doses of

tyramine released a much greater amount of norepineph-

tine within the kidney than would be released by even

high frequencies of renal nerve stimulation. Therefore,

although certain drugs such as clonidine appear to sup-

press renin release by an action at renal alpha-achenergic

receptors (894), the exact role of these intrarenal alpha-
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achenergic receptors in the endogenous neurogenic con-

trol of renin release remains to be resolved. However, it

is generally recognized that an increase in sympathetic

nerve activity in the kidney will result in an increase,

rather than a decrease, in renin release.

3. Parasympathetic nervous system. Acetylcholines-

terase-containing fibers have been identified within the

kidney (48, 718, 776), and there is physiologic evidence

for the existence of renal vasodilatory fibers (621, 1230).

More specifically, acetyicholinesterase-containing fibers

have been demonstrated to innervate cells of both the

proximal and distal tubules (776) as well as the afferent

arteriole (718). However, it cannot be stated with abso-

lute certainty that these fibers represent renal cholinergic

nerves since renal norachenergic fibers have also been

demonstrated to contain acetylcholinesterase (51a). In-

trarenally administered acetylcholine has been shown to

increase RPF, urine volume, and sodium and potassium

excretion, but had a variable effect on GFR (521, 1114).

All of these changes were reversed or prevented by

atropine (1114). In addition, Stinson et a!. (1043) have

presented evidence indicating that the decrease in renal

vascular resistance observed during renal arterial hypo-

tension in conscious dogs is mediated, in part, by cholin-

ergic nerves.

Although the influence of the sympathetic nervous

system on renin release has been well established, effer-

ent parasympathetic nerves have not been demonstrated

to affect renin release. Renin release can be modified by

afferent vagal fibers arising in the cardiopulmonary re-

gion (21, 136, 689, 690, 1038, 1081, 1084, 1269); however,

these afferent sensory fibers cannot be considered cholin-

ergic fibers just because they are found within the vagus.

In addition, these vagal fibers actually constitute the

afferent limb of a reflex arc that ultimately modifies renin

release via efferent sympathetic fibers (1083). Although

Brennan et a!. (137) showed that right atrial distension,

a maneuver that is known to increase parasympathetic

activity consistently (375), decreased renin release in

anesthetized dogs, this effect was probably due to a

reflexly induced decrement in renal sympathetic nerve

activity (21, 689, 690, 1801, 1269) rather than to an

increase in efferent parasympathetic activity. Therefore,

at this time, there is no evidence to suggest that efferent

parasympathetic fibers can modify renin release.

It was first reported that intrarenally infused acetyl-

choline had no effect on renin release in normal anesthe-

tized (164) and conscious (37) dogs, but would increase

PRA in conscious dogs with chronic, renovascular hyper-

tension and normal PRA levels (37). Abe et a!. (5) have

reported that renin secretion failed to change in anesthe-
tized dogs during the intrarenal infusion of acetylcholine

at normal renal perfusion pressures, despite the fact that

total RBF increased more than 2-fold. Also, an intrarenal

infusion of acetylcholine did not alter the increment in

renin secretion caused by renal arterial hypotension (5).

When Tagawa and Vander (1069) induced renal dilata-

tion with acetylcholine in salt-depleted anesthetized

dogs, renal venous PRA was suppressed only in those

dogs with an initial high renal vascular resistance. How-

ever, since a significant natriuresis occurred in all dogs,

the suppression of renin release in these three animals

could have occurred via the macula densa. In addition,

renal afferent arteriolar vasodilatation at a constant renal

perfusion pressure would result in an increase in wall

tension that should suppress renin release. In a similar

fashion, Osborn et a!. (848) found that an intrarenal

arterial infusion of acetylcholine into one kidney of anes-

thetized dogs caused an ipsilateral increase in RBF and

sodium excretion but essentially no change in renin se-

cretion. Lastly, acetylcholine had no effect on renin

release from the rat renal slice in vitro (276). In conclu-

sion, the effects of exogenously supplied acetyicholine on

renin release are poorly defined and are probably of only

pharmacologic interest. Acetylcholine does not alter

renin release directly, but rather appears to act indirectly

by changing sodium excretion (521), vascular tone (5,

521, 1069), or achenergic neuronal activity (667a).

C. Renal Sodium Metabolism and the Macula Densa

Segment of the Distal Tubule

The macula densa region of the distal tubule is corn-

posed of a specialized group of columnar or cuboidal cells

that are in close contact with the granular JG cells of the

glomerulus from which the tubule originates (53, 400).

The macula densa is usually found at the boundary of

the ascending loop of Henle and the distal tubule (1116).

Both light and electron microscopy have revealed that

the macula densa and the granular cells of a single

nephron are so intimately related that at times only an

incomplete basement membrane separates them. Vander

(1116) has presented an excellent review of the anatom-

ical and biochemical evidence that suggests a functional

relationship between the macula densa cells and the

granular cells of the JG apparatus.

Three decades ago, Goormaghtigh (400) recognized

this intimate relationship between the granular and the

macula densa cells and suggested that GFR was in some

way controlled by the ionic composition of the tubular

urine at the macula densa via the release of renin by the

granular cells. The hypothesis that renin may in some

way control single nephron GFR stifi has its proponents

(435, 788, 990, 1090, 1092), but this control mechanism

does not require the secretion of renin into the venous

blood. Thurau et a!. (1090, 1092) have reported results

from retrograde microinjection studies that support this

hypothesis, but these data provide little insight into the

relationship between changes in the composition of the

tubular fluid at the macula densa and changes in the rate

of renin secretion into the blood. The role of the macula

densa as a sensor for renin secretion, as opposed to a role

in regulating single nephron GFR, will be discussed here.

In 1963 Brown et a!. (143) discovered that sodium

depletion in humans elevated PRA and that sodium
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loading suppressed PRA. In subsequent years this obser-

vation has been corroborated by many researchers in

humans (11, 144, 155, 227, 261, 389, 907, 950, 1153), dogs

(88, 149, 344, 373, 406, 533, 757), rats (255, 344, 397, 416,

448, 572, 894), rabbits (1037), and sheep (104, 105). Total

daily sodium excretion falls to very low levels during

sodium depletion due to a decrease in the fractional

excretion of the filtered sodium load. Since much of the

increase in the efficiency of sodium reabsorption occurs
in the proximal tubule (758, 1038), the tubular sodium

concentration and sodium load (the product of sodium

concentration and tubular fluid flow rate) passing the

macula densa segment of the distal tubule will be de-

creased. Conversely, sodium loading results in an increase

in total daily sodium excretion. The fractional reabsorp-

tion of sodium decreases in the proximal tubule (277,

281), and the tubular sodium concentration and sodium

load passing the macula densa cells is increased. Based

on these observations alone, it would be reasonable to

conclude that a decrease in sodium transport into the

macula densa cells would constitute a stimulus to renin

release whereas an increase in sodium transport at the

macula densa cells would suppress renin release.

Vander and Miller (1124) conducted the first study

designed to determine the relationship between tubular

sodium transport and renin release. They noted an in-

verse correlation between the control sodium excretion

and renal venous PRA in anesthetized dogs. There was

no correlation between renal venous PRA and MAP,

RPF, filtration fraction, or plasma sodium concentration.

This same reciprocal relationship was observed during

suprarenal aortic constriction sufficient to decrease so-

dium excretion without changing RPF or GFR. If sodium

excretion was restored during renal hypotension by the

administration of osmotic diuretics (urea, mannitol, or

sodium sulfate), renal venous PRA was suppressed back

to prehypotensive levels. Induction of diuresis with urea,

mannitol, acetazolamide, or chiorothiazide 40 mm before

aortic clamping severely blunted the increase in renin

release normally elicited by renal arterial hypotension.

Based on these observations, Vander and Miller (1124)

stated that a decrement in tubular sodium concentration

or load in the region of the macula densa stimulated

renin secretion. They advanced the following argument.

The tubular urine passing the macula densa has a sodium

concentration less than that of plasma as a result of

sodium reabsorption in the thick ascending limb of the

loop of Henle. Thus the sodium concentration at the

level of the macula densa will depend on the flow rate

from the ascending loop of Henle, which in turn will

depend on the flow rate from the proximal tubule. During

renal arterial hypotension, the urine flow rate decreases

in both segments and sodium reabsorption is increased.

As a result, sodium transport at the macula densa also

decreases. Diuretics increase the urinary flow rate

through the proximal tubule and the loop of Henle and

increase the sodium content of tubular urine. The in-

crease in sodium transport at the macula densa then

suppresses renin secretion back to control levels.

A definitive test of this macula densa hypothesis would

require an analysis of the composition of the tubular fluid

in this region of the nephron during conditions of altered

sodium transport; however, the macula densa region and

the adjacent portion of the ascending limb are not acces-

sible to micropuncture. Although the results of one mi-

cropuncture study have been reported (216), most sub-

sequent investigations of this mechanism have involved

the use of physiologic or pharmacologic perturbations to

alter renal sodium excretion in an attempt to relate the

rate of renin release to changes in sodium metabolism.

The pharmacologic approach proved to be of limited

value since it initially led to the establishment of two

schools of thought. One group (90, 230, 740, 1090, 1092)

proposed that an increase in renin release resulted from

an increase in sodium transport at the macula densa

whereas the other (216, 357, 783, 1120, 1124) believed

that renin release was inversely related to sodium trans-

port at the macula densa.

Since the “loop” diuretics were known to inhibit so-

dium reabsorption in the thick ascending limb of the loop

of Henle (1002, 1060) and led to a large increment in the

sodium content of the tubular urine passing the macula

densa, Meyer et a!. (740), Cooke et a!. (230), and Birbari

(90) examined the effects of these drugs on remn release.

Meyer et a!. (740) found that furosemide caused a rapid

3-fold increase in PRA and a 15-fold increase in sodium

excretion when injected i.v. into anesthetized, unine-

phrectomized rabbits. The rise in plasma renin was at-

tenuated by expansion of the extracellular fluid (ECF)

volume with isotonic saline or salt-poor serum albumin.

However, it is unlikely that the renin release was due to

a decrease in the extracellular fluid volume since similar

renin responses were obtained in rabbits with ureteral-

vena caval anastomoses. They concluded that furose-

mide-induced renin release was the result of an increase

in tubular sodium concentration, but also suggested that

the original Vander hypothesis might be correct if furo-

semide inhibited sodium transport into the macula densa

cells (740). This would account for the inability of furo-

semide-induced natriuresis to inhibit renin secretion.

Cooke et a!. (230) found that ethacrynic acid brought

about a 3-fold increase in renin release in anesthetized

dogs within 5 mm. At this time, urine flow and sodium

excretion had increased by 18- and 30-fold, respectively.

When volume depletion was prevented by ureteral vena

caval anastomosis, the increase in PRA evoked by the

chug was not affected. When chlorothiazide was admin-

istered in a similar experiment, renal venous PRA was

not changed. For further study of the mechanism by

which ethacrynic acid elicited renin release, urinary stop-

flow studies were conducted. Ureteral occlusion alone

increased renal venous PRA by 2-fold, and PRA returned

to control levels after release of the clamp. In a second

experiment, ureteral clamping again elevated renal ye-
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nous PRA; however, administration of ethacrynic acid at

this point induced no further increment in PRA values.

When urine flow was allowed to resume, PRA remained

elevated (four times the control values) at a time (15

min) when sodium-rich urine was passing through the

nephron. These researchers suggested that ethacrynic

acid increased renin release either by a direct effect on

the granular cells of the JG apparatus or by increasing

the sodium load or concentration at the macula densa.

However, they also suggested that ethacrynic acid might

inhibit sodium transport at the macula densa cells. Ch.lo-

rothiazide supposedly failed to increase renin release

because 1) sodium and volume losses were prevented by

the infusion of the urine produced, and 2) chlorothiazide

would not increase sodium delivery to the distal tubule

as much as would ethacrynic acid (230).

Birbari (90) administered ethacrynic acid or mannitol

to anesthetized dogs to increase tubular sodium concen-

tration in the region of the macula densa. Ethacrynic

acid increased PRA by 2.4-fold at a time when sodium

excretion had increased 32-fold. Hypertonic mannitol

also induced a natriuresis, but in this instance PRA

chopped by 30%. In spite of the data obtained with

mannitol, Birbari also concluded that renin secretion was

stimulated by an increase in the urinary sodium concen-

tration at the macula densa. It should be pointed out

that none of these researchers (90, 230, 740) attempted

to relate their findings to the alterations in PRA and

renal salt metabolism that were known to occur after

sodium depletion or sodium loading.

Although later we will discuss in great detail the mech-

anism by which furosemide and ethacrynic acid increase

renin secretion, the reader should be apprised at this

time that both drugs have direct effects on renin release

that are not related to their diuretic activity but are

probably mediated via the renal baroreceptor mecha-

nism, the renal sympathetic nerves, renal prostaglandins,

and/or a direct effect on the granular JG cells of the

afferent arteriole (45, 235, 303, 847, 1120). In addition to

these direct effects on renin release, furosemide and

ethacrynic acid appear to inhibit ion transport at the

macula densa cells (989) and thus prevent the macula

densa from sensing the increase in sodium concentration

and load caused by these drugs. These facts being con-

sidered, the aforementioned observations (90, 230, 740)

are easily reconciled with the original hypothesis of Van-

der (1124). Subsequent studies have indeed proved that

renin release is inversely related to sodium excretion.

Freeman et a!. (357) used ureteral occlusion to study

the effects of sodium excretion on remn secretion in

anesthetized dogs with a single kidney. As expected,

ureteral clamping alone increased renin secretion to five

times the control values without changing RBF. Intra-

renal infusion of papaverine at this point elevated RBF

but caused no further elevation of renin release. After

the release of the ureteral clamp, renin secretion fell to

below control levels within 5 mm and serial urine samples

revealed a large increase in sodium excretion. When the

same experimental procedure was performed in a second

group of dogs receiving ethacrynic acid instead of papav-

erine, renin secretion declined slowly after restoration of

urinary flow despite the fact that the subsequent natri-

uresis was of the same magnitude as that seen after stop-

flow studies with papaverine. Despite the fact that renin

secretion decreased during the postocclusion period, it

stifi remained twice as high as the control values. This

degree of elevation of renin secretion was the same as

that seen when ethacrynic acid was infused into the

kidney in the absence of ureteral clamping. Freeman et

a!. concluded that ethacrynic acid had direct renin-re-

leasing effects and that the rate of renin release was

inversely related to the rate of sodium transport at the

macula densa. Although Freeman et a!. (357) did not

mention it, comparison of their data obtained with pa-

paverine and ethacrynic acid strongly support the idea

that ethacrynic acid inhibits sodium transport at the

macula densa cells.

Fortunately, a great deal of the research in this area

has involved physiologic manipulation of sodium excre-

tion that did not involve the administration of diuretics.

For instance, Nash et a!. (783) studied renin secretion in

anesthetized dogs during normonatremic and hypona-

tremic volume expansion. Volume expansion with an i.v.

infusion of isotonic (0.85%) saline increased the fractional

excretion of sodium by 30% and suppressed renin secre-

tion. Infusion of hypotomc (0.42%) saline decreased the

fractional excretion ofsodium by 60% and increased renin

secretion to about five times the control values. In addi-

tion, volume expansion incurred by the i.v. infusion of

hypotonic saline increased renin release from both kid-

neys, but a unilateral, intrarenal infusion of isotonic

saline, which was sufficient to restore sodium excretion

back to normal, suppressed renin secretion only in the

infused kidney. An intrarenal arterial infusion of isotonic

saline also prevented the increment in renin release nor-

mally observed during renal arterial hypotension. This

saline infusion increased sodium excretion by 60%, corn-

pared to prehypotensive values, despite the fact that

GFR and renal perfusion pressure were greatly reduced.

No relationship between renin release and renal hemo-

dynamics, water balance, or renal vein plasma sodium

concentration was detected. These observations indicate

that there is a reciprocal relationship between the rate of

remn secretion and the filtered sodium load and frac-

tional excretion of sodium.

Churchill et a!. (214) studied renin secretion from the

kidneys of anesthetized dogs during repeated stop-flow

maneuvers. The animals were infused i.v. with 10% man-

nitol in 0.15 M sodium chloride, and renin release was

measured during a sequence of lO-min periods of clear-

ance, ureteral clamping, and clearance. Thirty minutes

later these procedures were repeated in half of the dogs.

In the remaining dogs, 10% mannitol in 0.1 M sodium

sulfate was infused during the second stop-flow sequence.
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The ratio of the renin values measured during the second

stop-flow period (SF2) to the renin values during the first

stop-flow period (SF1) was one for the animals infused

with mannitol in the sodium chloride solution, indicating

that ureteral occlusion reproducibly increased renin se-

cretion. In the dogs that received mannitol in the sodium

sulfate solution during SF2, the ratio of the renin values

was 0.5, indicating that replacement of 0.15 M sodium

chloride with 0.1 M sodium sulfate reduced by 50% the

effect of ureteral occlusion on renin release. Since re-

placement of sodium chloride with sodium sulfate re-

sulted in a higher distal tubular sodium concentration

after SF2, it was decided that renin release was inversely

related to sodium concentration or load.

Humphreys et a!. (507) used an ingenious approach to

study the role of altered sodium excretion in the control

of renin release. Isolated canine kidneys were perfused at

a constant pressure with blood circulating from a donor

dog, and the effect of changes in sodium excretion on

renin release from the perfused kidney was compared

with that of changes in the in situ kidney of the donor

dog. During intravascular volume expansion with canine

blood, GFR, RBF, and sodium excretion increased in the

in situ kidney whereas renin release decreased by nearly

90%. None of the parameters changed in the isolated

kidney. This volume expansion resulted in a 47% increase

in MAP in the donor dog, but of course renal perfusion

pressure was held constant in the isolated kidney. Al-

though sodium excretion from the in situ kidney in-

creased by 4-fold, the increase in MAP also could have

contributed to the suppression of renin relase. Hemor-

rhage, sufficient to chop MAP by 35%, did not affect

renal function or renin secretion in the perfused kidney.

In the in situ kidney, GFR, RBF, and sodium excretion

decreased but renin secretion was not changed. The most

important observation made by Humphreys et a!. (507)

occurred during hemodilution without volume expansion.

Since GFR was held constant in the perfused kidney as

plasma oncotic pressure chopped, sodium excretion was

increased 3.4-fold as renin secretion fell by 72%. Hemo-

dilution resulted in a decrease in intravascular volume in

the donor dog (a 38% decrease in MAP was recorded),

which in turn led to a 40% chop in GFR in the in situ

kidney. Sodium excretion in this kidney fell to 48% of the

control values and the rate of renin secretion tripled.

Restoration of plasma oncotic pressure by the infusion

of hyperoncotic albumin reversed the effects of hemodi-

lution on sodium excretion and renin release in the

isolated perfused kidney. It is unlikely that the effect of

hemodilution on renin release from the in situ kidney

resulted from the hypotension since hemorrhage-induced

hypotension of the same magnitude did increase renin

secretion. Therefore, the results of the hemodilution ex-

periments provide chamatic proof that the rate of renin

release is inversely related to sodium excretion.

Recently, Churchifi et a!. (216) examined the relation-

ship between renin secretion and distal tubular sodium

concentration and load in anesthetized rats. These so-

dium measurements were made in the cortical distal

tubules, at approximately 21% of the total length of the

distal tubule, of sodium-loaded, control and sodium-de-

pleted rats, at steady states of sodium balance. They

found that early distal tubular sodium load, but not

sodium concentration, was directly related to the dietary

intake of sodium, and that the rate of renin secretion was

inversely related to dietary sodium intake. More impor-

tant, when the logarithm of the rate of renin secretion in

each individual rat was plotted as a function of the

sodium load in the distal tubule, a close inverse relation-

ship was noted. In a more recent study, Churchifi et a!.

(215a) found that both saline- and mannitol-induced

diuresis decreased renin secretion and increased sodium

load in the early distal tubule of the anesthetized rat.

However, the sodium concentration of the tubular fluid

was increased by saline and decreased by mannitol. Al-

though the use of conventional micropuncture tech-

mques forced the collection of tubular fluid downstream

from the macula densa in only cortical nephrons, this

inverse relationship between renin secretion and tubular

sodium load is consistent with the hypothesis that

changes in dietary sodium intake elicit changes in the

sodium load at the macula densa that in turn mediate

changes in the rate of renin secretion. In addition, it

appears that both the sodium concentration of the tu-

bular fluid at the macula densa and the rate of flow of

the fluid in this region of the nephron are important

determinants of the control of renin secretion by the

macula densa.

In studies designed to determine whether glomerular

ifitration was necessary for sodium to inhibit renin

release, Shade et a!. (1008) measured renin secretion in

anesthetized, thoracic caval-constricted dogs with either

a single filtering or nonfiltering kidney. Intrarena! infu-

sions of hypertonic saline sufficient to increase renal

venous plasma sodium concentration from 141 to 158

mEq/1 in dogs with a filtering kidney resulted in a 70%

decrease in renin release and a 13-fold increment in

sodium excretion. A similar infusion into dogs with a

nonfiltering kidney had no effect on renin release even

though the plasma sodium concentration of renal venous

blood rose from 139 to 156 mEq/l. These data indicated

that the inhibition of renin release by sodium chloride

was mediated by a renal tubular mechanism and elimi-

nated the possibility of a vascular action or a direct effect

of sodium chloride on the granular cells of the JG appa-

ratus.

When the data of all of these researchers (90, 214, 216,

230, 357, 507, 740, 1008, 1124) are considered collectively,

it is apparent that renin secretion, as controlled by the

macula densa, is inversely related to tubular sodium load.

This relationship, as established in animal experiments,

is consistent with the observations made during sodium

depletion and sodium loading in humans. Even though

earlier reports (90, 230, 740) suggested that renin release
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was directly related to sodium transport at the macula

densa cells, we now know that the use of diuretics that

block sodium transport at the macula densa in these

experiments led to conclusions that conflicted with other

reports.

Concerning the macula densa mechanism controlling

renin release, four other topics need to be considered.

They are: 1) the effect of acute changes in the osmolarity

or oncotic pressure of renal arterial blood on renin

release; 2) the role of ECF volume expansion per se in

suppressing PRA during saline infusion; 3) whether it is

sodium or chloride ion that is sensed by the macula densa

cells; and 4) whether sodium ion has a direct effect on

the granular JG cells to suppress renin release.

The effect of osmotic changes on renin release was

investigated by Young and Rostorfer (1250). They in-

fused hypertonic solutions of sodium chloride, dextrose,

and urea intrarenally for 30 to 60 sec in pentobarbital-

anesthetized dogs. These infusions increased renal site-

na! plasma osmolarity by an average of 45 mOsm/l and

consistently increased renin secretion approximately 4-

fold. Both RBF and GFR were elevated by the infusions.

These investigators felt that the hyperosmolarity of the

arterial blood had a direct effect on the volume of the

granular cells of the JG apparatus that caused them to

increase their rate of renin secretion. However, it should

be pointed out that the release of renin from isolated rat

renal glomeruli in vitro was inhibited when the superfus-

ate osmolality was increased by 30 mOsm/l (354). Al-

though hyperosmolar solutions infused into the renal

artery eventually induced a natriuresis that suppressed

renin release via the macula densa, determination of the

exact mechanism by which an increase in renal arterial

plasma osmolarity elicits an initial increase in renin

release will require additional study.

On the other hand, the mechanism by which intrarena!

arterial infusion ofhyperoncotic solutions stimulate renin

secretion has been identified with reasonable certainty.

Hall and Guyton (434) elevated the oncotic pressure of

plasma entering the kidney by infusing dextran or human

serum albumin into the renal arteries of anesthetized

dogs. Renal venous colloid osmotic pressure increased 7

to 10 mm Hg during the infusion of dextran or albumin,

and renin secretion rose 3-fold. RBF was consistently

increased, urine flow and sodium excretion were de-

creased, and GFR was unchanged or slightly decreased.

The elevated renin secretion was compatible with acti-

vation of the macula densa mechanism that regulates

renin release. The urinary flow rate was reduced probably

as a result of enhanced tubular reabsorption of sodium in

response to increased plasma oncotic pressure in the

peritubular capifiaries (1034). This increased reabsorp-

tion led to a decrease in sodium excretion (434) that was

sensed by the macula densa cells. It is noteworthy that

Humphreys et a!. (507) found that at a constant renal

perfusion pressure a decrease in renal plasma oncotic

pressure had exactly the opposite effect, i.e. renin release

fell as sodium excretion increased. It is important to

remember that the molecular and ionic constitutents of

the hyperosmolar solutions used by Young and Rostorfer

(1250) are freely ifitered whereas dextran and human

serum albumin (434), because of their high molecular

weight, are not filtered at the glomerulus. As a result, the

initial increase in renin secretion induced by hyperos-

molar and hyperoncotic solutions may be due to activa-

tion of different intrarenal mechanisms.

Another important point to consider when discussing

the macula densa and its ability to regulate renin release

is whether the volume expansion per se that accompanies

i.v. saline infusion contributes to the suppression of PRA.

Since saline infusion reduces the proximal tubular reab-

sorption of sodium, probably by raising glomerular cap-

illary pressure and reducing oncotic pressure in the per-

itubular capillaries (587), the delivery of sodium to the

distal tubule rises and suppresses renin release via the

macula densa. However, the expansion of ECF volume

could conceivably depress renin release via the renal

baroreceptor or by reflexly decreasing renal sympathetic

nerve activity (986). Several groups of investigators have

approached this problem in different ways.

In a very comprehensive study, Blair-West et a!. (103)

restricted the water intake of sheep for 10 to 17 days.

During this time, PRC increased 2- to 3-fold. When the

animals were then offered solutions containing 20, 35, 50,

70, or 141 mM sodium chloride, the sheep usually chank

a volume of fluid approximately equal to what they had

lost during dehychation. Plasma protein concentration

declined to the same extent in every animal, regardless

of the sodium content of the solution consumed, which

indicated that there had been a uniform increase in

plasma volume in each group of sheep. Ingestion of 20 or

35 mM salt solutions precipitated a decrement in plasma

sodium concentration and sodium excretion whereas

PRC rose or did not change. As the sodium content of

the drinking solutions increased, sodium excretion was

increased and PRC was suppressed. Suppression of PRC

after drinking showed a significant inverse correlation

with the amount of sodium consumed, the amount of

sodium excreted, and the plasma sodium concentration.

Blair-West et a!. concluded that changes in PRC after

rehychation were related to the amount of sodium con-

sumed rather than to the alteration of plasma volume.

Anderson et a!. (20) decreased intravascular and ECF

volumes and increased PRA in conscious dogs by salt

deprivation. In separate experiments, total ECF volume

was restored with (Ringer’s solution) or without (5%

dextrose in water) sodium repletion, plasma volume alone

was expanded (5% dextran in 5% dextrose in water), or

plasma volume was increased as ECF volume decreased

(20% dextran in 5% dextrose in water). Only the infusion

of sodium-containing Ringer’s solution significantly sup-

pressed PRA even though all four infusions increased

plasma volume and MAP to the same extent. Tuck et a!.

(1102) performed a similar study in normotensive hu-
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mans who had been salt depleted for 6 days. Plasma

renin activity was measured during the infusion of iso-

tonic saline, 5% dextrose in water, or 40,000 molecular

weight dextran in 5% dextrose in water. During saline

infusion PRA was depressed by 25% and 50% at 10 and

60 mm, respectively; however, the infusion of dextran did

not significantly suppress PRA despite the fact that the

increase in intravascular volume, as reflected in changes

in hematocrit, was the same as that seen during saline

infusion. In addition, PRA was not altered by the infusion

of 5% dextrose in water. If activation of the renal baro-

receptor and/or withchawal of renal sympathetic tone

during ECF volume expansion had contributed to the

suppression of renin release, then each of theseinfusions

should have suppressed PRA equally since intravascular

volume was increased to the same extent in every case.

Thus, these observations strongly support the idea that

saline suppression of renin release results from a specific

effect of sodium rather than volume expansion per se.

A similar conclusion was reached by Bull et a!. (160)

from studies with normotensive volunteers undergoing

volume depletion with furosemide and sodium restric-

tion. After 2 weeks, both blood and plasma volumes were

decreased, the net sodium loss was 290 mEq, and PRA

had increased from 1.3 to 5 ng of Al/nd/hr. At this point,

positive sodium balance was induced by the oral admin-

istration of 185 mEq of sodium a day for 6 days while

blood volume was maintained constant by serial plas-

mapheresis and/or phlebotomy. As sodium balance be-

came positive (+33 mEq) and sodium excretion in-

creased, PRA decreased to 2.2 ng of Al/nil/hr despite

the fact that the mean blood volume was further de-

creased. The authors felt that these observations were

best explained in terms of changes in tubular sodium

transport during sodium depletion and repletion.

Stitzer and Martinez-Maldonado (1044) demonstrated

that glomerular ifitration was necessary for isotonic ECF

volume expansion to depress PRA in anesthetized dogs.

After PRA had been elevated from 15 to 42 ng of AI/ml/

hr by bilateral ureteral clamping, rapid expansion of ECF

volume with isotonic saline did not affect this stimulated

renin release. Similarly, if this sequence were reversed,

isotonic saline lowered basal PRA from 16.8 to 4.8 ng of

Al/mi/hr and bilateral ureteral obstruction at this point

returned PRA to control levels. Although ureteral occlu-

sion stifi caused a 3-fold (PRA 4.8 to 14 ng of Al/mi/hi)

increment in renin release after isotonic volume expan-

sion, the absolute values obtained were much less than

those observed after ureteral occlusion alone. The au-

thors concluded that glomerular filtration was a prereq-

uisite for isotonic ECF volume expansion to suppress

PRA since this suppression appeared to depend on the

delivery of fluid or solute to the distal nephron. However,

Leenen et al. (644) noted that the administration of

normal saline to dialysis patients with chronic renal

failure suppressed PRA by 40% as blood pressure and

plasma volume increased. Thus it would appear that the

renal baroreceptor and the renal sympathetic nerves

modulate the renin release in these functional anephric

patients infused with normal saline. Taken collectively,

these reports (20, 103, 160, 1044, 1102) indicate that saline

suppression of renin release is due primarily to the effects

of increased sodium transport in the renal tubules rather

than volume expansion per se.

Until recent times, it was generally believed that the

ion sensed by the macula densa cells was sodium and

that changes in tubular sodium metabolism signaled a

change in renin release. However, in 1976 Kotchen et a!.

(608) presented convincing evidence that chloride was

more important than sodium in altering renin release via

the macula densa. Plasma renin activity was elevated in

rats by placing them on a low sodium chloride diet. After

1 week of dietary alteration, the animals were divided

into three groups that received one of the following

drinking solutions: deionized water (control group), iso-

tonic sodium bicarbonate, or isotonic sodium chloride.

Similar positive changes in sodium balance occurred in

the sodium chloride- and sodium bicarbonate-treated

groups. Plasma renin activity decreased in the rats drink-

ing sodium chloride, but remained elevated in those

animals drinking distified water or sodium bicarbonate.

Chloride balance was negative in the control and sodium

bicarbonate-treated rats, but was positive in the animals

drinking isotonic saline. Similar experiments were carried

out in sodium-depleted rats given solutions of potassium

bicarbonate or potassium chloride. Treatment with po-

tassium chloride suppressed PRA in association with a

positive chloride balance whereas potassium bicarbon-

ate-treated animals exhibited a negative chloride balance

and elevated PRA values. Potassium and sodium #{149}bal-

ances were positive in both groups. Thus, the suppression

of renin release in these experiments correlated with net

chloride balance rather than net sodium balance. In

addition, acute volume expansion of anesthetized rats

with isotonic sodium chloride or sodium bicarbonate

revealed that, despite similar increments in plasma vol-

ume in the two groups of animals, sodium chloride low-

ered PRA to a much greater extent than did sodium

bicarbonate. Since the chloride delivery, as determined

by micropuncture, after ECF volume expansion with

isotonic sodium chloride was greater than after expansion

with isotonic sodium bicarbonate, these authors con-

eluded that sodium bicarbonate and potassium bicarbon-

ate failed to suppress PRA because they did not increase

the distal tubular delivery of chloride to the macula

densa. Furthermore, these same researchers soon re-

ported that sodium iodide, unlike sodium chloride, failed

to lower PRA in sodium-depleted rats despite similar

sodium, potassium, or total halide (chloride + iodide)

balances (370). These data support that idea that the

inhibition of renin release by sodium chloride is mediated

by the co-transport of sodium and chloride ions into the

cells of the macula densa.

To elucidate the role of chloride ion in the suppression
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of renin release further, Kotchen et a!. (610) measured

PRA in sodium-depleted rats that had been given drink-

ing solutions containing one of several sodium or choline

salts. Plasma volume and the cumulative sodium and

potassium balances of animals treated with sodium chlo-

ride, sodium bromide, sodium acetate, sodium nitrate,

and sodium thiocyanate were not different. Ofthe sodium

salts tested, only sodium chloride and sodium bromide

lowered PRA, with sodium bromide causing a greater

suppression than sodium chloride. When similar studies

were conducted with choline salts, choline chloride, un-

like choline bicarbonate, suppressed PRA by 97%. This

remarkable degree of suppression elicited by choline

chloride occurred despite the fact that these animals

exhibited a marked negative sodium balance. Therefore,

in the rat, chloride appears to be the ion involved in the

regulation of remn release by the macula densa (370,608,

610).

However, Stephens et a!. (1041) found that renin se-

cretion was suppressed when either sodium or potassium

lactate was infused intrarenally into anesthetized, tho-

racic caval-constricted dogs. They noted that sodium

excretion was elevated in both cases, but chloride excre-

tion decreased during sodium lactate infusion and in-

creased during potassium lactate treatment. Thus, the

lowering of renin secretion by potassium lactate could be

the result of the increased concentrations of sodium or

chloride in the tubular fluid, but the data obtained with

sodium lactate were more consistent with sodium as

mediating the decrease in renin secretion. Therefore, it

appears that further experimentation will be required to

delineate the role of chloride ion in the control of renin

release in the dog.

1. Sodium. Concerning the direct effects of sodium ion

on renin release from the granular JG cells, Shade et al.

(1008) found that intrarenal arterial infusions of sodium

chloride suppressed renin release from filtering, but not

from nonfiltenng, kidneys in anesthetized dogs. They

concluded that the inhibition of renin release by sodium

chloride required an intact tubular system and glomeru-

lar filtration and that sodium chloride did not act via a

direct action on the renal baroreceptor. Furthermore, it

was suggested that sodium must be present on the lu-

minal side of the distal tubule in order to suppress the

release of renin.

A number of other investigators have examined the

effect of sodium ion on renin release in vitro. Renal

cortical slices (25, 131, 189, 234, 439, 681, 682, 742, 823,

982, 1201), renal cortical cell suspensions (681), and su-

perfused glomeruli (107, 354, 494) were used in these

experiments in order to eliminate the influences of gb-

merular filtration and the tubular transport of ions on

renin release. Oelkers et a!. (823) were among the first to

examine the effects of varying the sodium concentration

of the incubation medium on renin release from rat renal

cortical slices. They observed that increasing the sodium

concentration from 80 to 160 mEq/l caused a 3- to 4-fold

increase in renin release; however, when the sodium

concentration was increased and the osmolality of the

incubation medium was kept constant, a similar increase

in the sodium concentration caused only a 1.5-fold in-

crease in renin release. Weinberger and co-workers (25,

1201) also failed to find an increase in renin release from

rat renal cortical slices when the sodium concentration

was increased and the osmolality of the medium was kept

constant. Braverman et a!. (131) noted a 30% increase in

the release of renin from rat renal cortical slices when

the sodium concentration of the medium was elevated

from 20 to 100 mEq/l at a constant osmolality; however,

when the sodium concentration was further increased to

160 mEq/l, no further increment in renin release was

observed. Similar changes were observed in kidney slices

obtained from normal and sodium-depleted rats. Per-

forming the reverse experiment, Capponi and Vallotton

(189) found a similar direct relationship between sodium

concentration and renin release in vitro. When the so-

dium concentration was decreased from 140 to 30

mEq/l, renin release was suppressed by 25% when the

osmolality was maintained constant and by 44% when

the osmolality was allowed to decrease. In contrast to the

above reports, Michelakis (742) found that stepwise in-

crements in the sodium concentration from 50 to 300

mEq/l suppressed the release of renin from renal cortical

slices by over 50%. Osmolality was maintained constant

in these studies. Saruta and Matsuki (982) also reported

a slight suppression of renin release with increasing so-

dium concentrations; however, osmolality also was a!-

bowed to increase.

In perhaps the most complete studies, Lyons and

Churchill (681, 682) determined the effect of sodium

concentration on renin release from both rat renal corti-

cal slices and cell suspension. With kidney slices, they

found that increasing the sodium concentration from 50

to 100 mEq/l caused an 8- to 10-fold increase in renin

secretion while further increments in sodium content up

to 150 mEq/l caused little additional stimulation of renin

secretion. The intracellular sodium concentration and

the total sodium content of the tissue were found to

increase progressively as the sodium concentration of the

medium was increased, and these values were positively

correlated with the increased rate of renin secretion.

When ouabain was added to the incubation medium,

raising the sodium concentration from 50 to 100 mEq/l

now suppressed the secretion of renin by 54% even

though the intracellular and total tissue sodium concen-

trations increased to an extent similar to that in the

absence of ouabain. In contrast to these findings, Lyons

and Churchill discovered that increasing the sodium con-

centration of the medium in a stepwise fashion from 50

to 144 mEq/l suppressed renin secretion from renal cor-

tical cell suspensions by approximately 50% and that the

addition of ouabain to the incubation medium did not

alter this reciprocal relationship between sodium concen-

tration and renin release. Thus, changes in sodium con-
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centration had opposite effects on renin secretion from

renal cortical slices and cell suspensions. The authors

suggested that this discrepancy may be due to a differ-

ence in the composition of the tubular fluid and incuba-

tion media as a result of the continued transcellular

transport of ions in the rena! slices. Furthermore, they

suggested that whenever changes in the sodium content

of the medium parallel the sodium concentration at the

lumina! membrane of the distal tubule, as in vivo and in

ouabain-treated slices, a negative relationship wifi exist

between medium sodium concentration and renin secre-

tion. This suggestion is consistent with the macula densa

hypothesis; however, it fails to explain the stimulatory

effect of sodium on renin secretion from renal slices in

vitro (681, 682).
In isolated superfused gbomeruli, Blendstrup et a!.

(107) observed that increasing the superfusate sodium

concentration from 1 10 to 135 mEq/l, without altering

the osmolality, caused a 2.4-fold increase in renin release,

which was sustained for 3 hr. In a subsequent study, the

same group (354) reported that elevating the osmobality

of the solution reversed the renin-rele�ising effects of an

increase in superfusate sodium concentration. As a result,

they concluded that sodium chloride had no direct ionic

effects on renin release but rather elicited renin release

by virtue of its osmotic effects on water movement. In

addition, they proposed that the rate of renin release in

vitro was related directly to the volume of the granular

JG cell. In contrast to these findings, Holdsworth et al.

(494), with the same type of preparation, reported that

decreasing the sodium concentration from 140 to 110

mEq/l, without altering osmolality, caused a transient

2.7-fold increase in remn release. The reasons for these

disparate results (107, 354, 494) are not apparent.

In summary, a direct effect of sodium ion on renin

release from granular JG cells has not been clearly dem-

onstrated since increments in sodium concentration have

been shown to increase, decrease, or have no effect on

renin release depending on the experimental conditions

employed. However, if one considers only the range of

sodium concentrations that are observed in vivo, i.e. 100

to 160 mEq/l, changes in sodium concentration had only

slight effects on renin release in vivo in dogs with nonfil-

tering kidneys and in vitro in rat renal cortical slices or

cell suspensions. In superfused gbomeruli, alterations in

sodium within this range will change the rate of renin

release; however, this appears to be related to alterations

in water movement that may affect granular JG cell

volume. Thus, if sodium does exert a direct effect on the

granular JG cells, its contribution to the control of renin

secretion must be slight.

In conclusion, experiments have firmly established an

effect of renal sodium metabolism on renin release. Renin

release is inversely related to the sodium load sensed by

the macula densa cells of the distal tubule.

2. Potassium. Since potassium was known to increase

the excretion of sodium (126, 546, 954), and since the rate

of release of renin from the kidney was known to be

inversely related to sodium excretion (vide supra), it is

not surprising that a number of researchers have exam-

med the effects of potassium on renin release. Vander

(1119), in the first study of this type, determined the

effects of intrarenal infusions of potassium chloride on

renin release in anesthetized dogs. Potassium, in doses of

0.2 and 0.4 mEq/min, suppressed renal venous PRA in

eight of ten dogs without altering RPF, GFR, or MAP.

The urinary excretion of sodium and potassium was

increased from the infused kidney, and similar results

were observed in sodium-depleted dogs. Vander (1119)

concluded that elevations in plasma potassium concen-

tration caused a reversible inhibition of renin release that

was mediated either through a direct action of potassium

on the granular JG cells or through an alteration in

sodium excretion. Furthermore, he suggested that this

phenomenon might be of physiologic importance since

renin release was suppressed by elevations in plasma

potassium content ofless than 0.5 mEq/l. These findings

(1119) in anesthetized dogs were subsequently confirmed

by a number of investigators (340, 988, 1008, 1041). Fla-

menbaum et a!. (340), for example, observed a 29% de-

crease in PRA and a 77% decrease in renin secretion in

anesthetized dogs after an intrarena! infusion of potas-

sium chloride in a dose that raised the renal arterial

plasma potassium concentration by 2.2 mEq/l. No

change in MAP, GFR, RBF, or the intrarena! distribution

of RBF was observed. Interestingly, plasma aldosterone

levels were increased 2-fold by these intrarena! infusions
ofpotassium. Since an increase in the excretion of sodium

accompanied the suppression of renin release, potassium

was thought to suppress renin release through an intra-

renal mechanism most likely related to the increased

sodium load presented to the macula densa.

Shade et a!. (1008) studied the effects of intrarenal

infusions of potassium chloride on renin release in anes-

thetized, thoracic caval-constricted dogs with ifitering

and nonfiltering kidneys. It should be pointed out that

basal renin secretion is elevated in dogs with a partial

constriction of the thoracic vena cava. In dogs with

ifitering kidneys, an infusion of potassium chloride, suf-

ficient to increase the renal venous plasma potassium

concentration by 2 mEq/l, suppressed renin secretion by

78% without altering RBF or MAP. In contrast, similar

doses of potassium failed to alter the secretion of renin

in dogs with a single, nonfiltering kidney. These findings

indicated that glomerular filtration and an intact renal

tubular system were necessary for potassium to suppress

the release of renin. Furthermore, it appeared that po-

tassium suppressed renin release by an action on the

macula densa rather than by a direct action on the

granular JG cells. The inability of increased potassium

concentration to alter renin release from rat renal cortical

slices (25, 982) and isolated gbomeruli (354) in vitro sup-

ports this conclusion.

In an attempt to determine the effect of the accom-
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panying anion on potassium suppression of renin release,

Stephens et a!. (1041) infused potassium lactate intra-

renally into anesthetized, thoracic caval-constricted dogs.

They found that potassium lactate, in doses that in-

creased renal venous plasma potassium content by 2.1

mEq/1, suppressed renin secretion by 50% and increased

the excretion of sodium, potassium, and chloride. Intra-

renal infusions of potassium sulfate suppressed renin

secretion by 68% in association with an increase in renal

venous plasma potassium concentration of 1 mEq/l.

Since potassium lactate and sulfate suppressed renin

release in a fashion similar to potassium chloride (1008),

it was concluded that potassium, rather than its accom-

panying anion, suppressed renin release (1041).

In another revealing study, Schneider et a!. (988) si-

multaneously measured the proximal reabsorption of

sodium (by micropuncture methods) and renin release

during the intrarenal infusion of potassium chloride in

anesthetized dogs. During the infusion of potassium,

which reduced renin secretion by 50%, the urinary excre-

tion of potassium and sodium increased 3- and 2.5-fold,

respectively; however, the proximal reabsorption of so-

dium was not changed. Since sodium excretion increased

in the absence of a change in proximal tubular sodium

reabsorption, Schneider et a!. suggested that potassium

inhibited the reabsorption of sodium in the ascending

limb of the loop of Henle and thus increased the delivery

of sodium to the macula densa. This increase in sodium

load at the macala densa then suppressed the release of

renin.

A number of investigators have examined the effects

of potassium on renin release in conscious dogs (1, 708,

1249) and observed results similar to those obtained in

anesthetized dogs (340, 988, 1008, 1041, 1119). When

McCaa et a!. (708) infused potassium chloride i.v. into

conscious dogs for 15 days, they observed a 0.8 mEq/l

increase in serum potassium concentration and a 48%

suppression of PRA. In a subsequent study, the same

group of researchers (1249) infused potassium chloride

i.v. into conscious dogs for 15 days and observed a 0.8

mEq/l increase in serum potassium, a 5-fold increase in

potassium excretion, and a 56% increase in sodium excre-

tion. In contrast to their previous studies, potassium

loading failed to alter PRA in a consistent fashion. Al-

though the reason for this discrepancy was not clear, it

should be pointed out that the control PRA values in the

second study were 50% lower than those encountered in

the first study. Thus, the low basal release of renin

combined with the continued loss of sodium may have

prevented the suppression of remn release by potassium.

When these studies were repeated in achenalectomized

dogs maintained on a constant dose of mineralocorticoid,

a similar rise in plasma potassium concentration in-

creased PRA and caused an even greater increase in

sodium excretion when compared with intact animals.

However, this increase in PRA was accompanied by a 23

mm Hg decrease in MAP that may have activated the

sympathetic nervous system or the renal baroreceptor.

Abbrecht and Vander (1) tested the effects of chronic

potassium depletion on renin release in conscious dogs.

After the dogs had ingested a potassium-deficient diet

for 5 to 7 weeks, plasma potassium concentration fell by

approximately 2 mEq/l whereas plasma sodium content

was unchanged. Plasma renin activity was increased by

3- to 4-fold in each of the five dogs studied, and, inter-

estingly, the maximal stimulation of remn release oc-

cm-red when the dogs were in a positive sodium balance

of between 20 to 60 mEq. After potassium repletion, PRA

returned to the values seen before dietary potassium

restriction. Because these investigators found that a re-

duction in plasma potassium concentration increased

renin release, whereas an increase in plasma potassium

decreased renin release (1119), they suggested that

plasma potassium concentration exerted a tonic influence

on the release of renin. In addition, the authors (1)

suggested that potassium depletion stimulated renin

release by: 1) a direct action on the granular JG cells, 2)

by decreasing the delivery of sodium ion to the macula

densa secondary to a reduction in GFR or an increase in

the proximal reabsorption of sodium, and/or, 3) a reduc-

tion in renal vascular resistance. Galvez et a!. (371)

obtained similar results when they measured PRA in

dogs that had been depleted of potassium by a combi-

nation of hemodialysis and a reduction in dietary potas-

sium intake. Serum potassium decreased from 4.5 to 1.8

mEq/l, urinary potassium excretion decreased from 40 to

5 mEq/day, and the cumulative sodium balance in-

creased to �374 mEq. No change in MAP, GFR, or RPF

was discerned. Plasma renin activity increased from 0.4

to 17.2 ng of AI/ml/hr, and this increase was accompa-

med by a 5-fold increase in the urinary excretion of PGE.

When the synthesis of renal prostaglandins was inhibited

by indomethacin, PRA was reduced by 96% even though

sodium and potassium balance did not change. It was

concluded that potassium depletion stimulated the

release of renin through a prostaglandin-dependent

mechanism that did not involve the transport or delivery

of sodium to the macula densa unless sodium transport

at these cells was controlled in some way by renal pros-

taglandins.

When Sealy et a!. (999) examined the effects of alter-

ations in dietary sodium and potassium on renin release

in conscious rats, they observed an inverse relationship

between potassium intake and PRA. In addition, when a

low sodium-high potassium diet was provided, the in-

crease in potassium intake blocked the usual rise in PRA

observed during sodium depletion. Since both sodium

and potassium excretion increased when the animals

ingested this low sodium-high potassium diet, the authors

suggested that potassium altered the release of renin

either by changing the sodium load reaching the macula

densa or by a direct action of potassium on the granular
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JG cells. This inverse relationship between renin release

and potassium balance in the conscious rat was subse-

quently confirmed by Kotchen et a!. (608) and Campbell

and Schmitz (186). Conversely, Corvol et a!. (236) re-

ported that an acute oral potassium load increased PRC

in anesthetized rats in association with a marked natri-

uresis. However, this disparate finding may have resulted

from the use of anesthetics and acute potassium loading

(236).

Since chloride ion alone had been found to inhibit

renin release (610), Kotchen et al. (608) examined the

effects of potassium chloride and potassium bicarbonate

on PRA in sodium-depleted, conscious rats. The oral

ingestion of potassium chloride for 8 days suppressed

PRA by 75% whereas potassium bicarbonate did not alter

PRA. Both groups of rats exhibited a positive potassium

balance; however, the plasma potassium levels were 1

mEq/l higher in the potassium chloride-treated group as

compared to the animals receiving potassium bicarbon-

ate. The authors concluded that the signal ultimately

produced by potassium at the macula densa was modified

substantially by the anion delivered with potassium.

Thus, although the accompanying anion does not appear

to affect the ability of potassium to suppress renin release

in dogs (1041), the same inverse relationship between

potassium and renin release has been observed in dogs

(1, 340, 371, 708, 988, 1008, 1041, 1119, 1249) and rats

(186, 608, 999).

Maebashi et a!. (686) were the first to explore the

effects of potassium administration on renin release in

humans. Although the oral administration of potassium

chloride for 5 days did not alter PRA in normal humans

ingesting a normal sodium diet, it did suppress renin

release in normal subjects and patients in whom renin

levels were stimulated with hychochborothiazide or a low

sodium diet and in patients with renovascular hyperten-

sion. In a more complete study, Dluhy et a!. (283) re-

ported that raising potassium intake from 40 to 200 mEq/

day for 5 to 7 days decreased PRA by 36% in normal

subjects on a low sodium diet. This fall in PRA was

accompanied by a 4-fold increase in urinary potassium

excretion and a 0.5 mEq/l increment in serum potassium

concentration but no change in sodium excretion. Since

changes in potassium concentration did not affect the

renin-renin substrate reaction in vitro, and since sodium

excretion was unaltered, the authors (283) suggested that

the chronic administration of potassium suppressed renin

release 1) by a direct action of potassium on the granular

JG cells, 2) by altering the neural control ofrenin release,

and/or 3) by alterations in extracellular fluid volume. In

a later study, the same investigators (482) found no

change in PRA when small amounts of potassium chbo-

ride were infused into sodium-depleted, normal subjects

for 2 hr even though the subsequent rise in serum potas-

sium content was similar to that seen after 1 week of

potassium loading (283). However, when an infusion of

sodium chloride was superimposed onto the potassium

chloride infusion in these sodium-depleted subjects, the

suppression of renin release was greater than that ob-

served during the infusion ofsodium chloride alone (282).

Serum potassium levels were the same before and after

the addition of sodium chloride to the infusate. Thus, the

presence of sodium ion appeared to be a prerequisite for

potassium to suppress renin release acutely in sodium-

depleted humans.

Unlike Maebashi et a!. (686), Brunner et a!. (150) found

that potassium loading with potassium chloride for 5 to

7 days decreased PRA by 44% in 18 of 21 normotensive

and hypertensive patients on an ad libitum sodium diet.

Potassium administration was accompanied by a natri-

uresis whether PRA was suppressed or not. Also, whereas

potassium loading decreased PRA, potassium repletion

failed to affect renin release. Changes in PRA were found

to be inversely correlated with change in plasma potas-

sium and the urinary excretion of potassium and to be

independent of changes in sodium balance. When normal

humans were given a high sodium diet supplemented

with either 40 or 200 mEq/day of potassium for 5 to 6

days, PRA was 36% lower in patients ingesting the high-

potassium diet (497). Serum potassium content, urinary

sodium excretion, and MAP were not changed during

potassium loading, but RBF was increased by 32%. The

elevation of RBF was thought to be the result of a

decrease in the intrarenal production of All (497). It is

not known whether the increase in afferent arteriolar

wall tension that should occur when the renal vasculature

is vasodilated at a constant renal perfusion pressure

played a part in the suppression of renin release during

potassium loading.

In order to examine the possibility that potassium

suppressed renin release by virtue of its aldosterone-

releasing properties, Mifier et a!. (753) studied the effects

of potassium loading on renin release in achenalecto-

mized patients and patients with primary adrenal insuf-

ficiency. All of the patients were on a fixed daily dose of

mineralocorticoids. When the patients’ potassium intake

was increased from 60 to 300 mEq/day, a marked natri-

uresis, an increase in serum potassium concentration,

and a decrease in body weight were noted. In three

patients in whom sodium losses were not replaced, PRA

was found to increase even though serum potassium was

elevated and the patients were in a positive potassium

balance. However, when sodium losses were replaced,

PRA was found to remain unchanged despite a similar

rise in serum potassium and a similar positive potassium

balance. Thus, in Addisonian patients, potassium loading

induced a negative sodium balance that was associated

with an increase in PRA; however, when sodium balance

was maintained, potassium loading failed to alter PRA.

Since potassium loading had been shown to suppress

renin release in normal subjects (150, 497), but had no

effect on PRA in these patients, the authors (753) hy-
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pothesized that high circulating levels of mineralocorti-

coids were the missing component in these patients and

that mineralocorticoids were necessary, by some un-

known mechanism, for potassium to suppress renin

release. In like fashion, Young et al. (1249) found that

potassium infusions increased PRA from 0.08 to 0.29 ng

of Al/mi/hr in conscious achenalectomized dogs main-

tamed on a fixed daily dose of aldosterone. However, this

increase in renin release was associated with a marked

natriuresis and a 23 mm Hg decrement in MAP.

Although these findings are consistent with a role for

mineralocorticoid in potassium-induced renin suppres-

sion, such a mechanism is not consistent with observa-

tions made by other researchers or the known actions of

the mineralocorticoids. For example, Vander (1119) ob-

served a significant decrease in renin release within 10

mm of beginning an intrarenal infusion of potassium into

anesthetized dogs, and Shade et a!. (1008) observed a

decrease within 15 mm. Unfortunately, aldosterone levels

were not measured in these studies. Flamenbaum et a!.

(340) observed a 77% decrease in renin secretion and a 2-

fold increase in urinary aldosterone excretion within 15

mm of beginning an infusion of potassium into the renal

arteries of anesthetized dogs. Even though aldosterone

excretion was found to increase in the latter study, it is

difficult to believe that this increase in aldosterone could

suppress renin release within 15 mm since a 20- to 30-

mm delay has been observed between the time that

aldosterone is administered and the onset of antinatri-

uresis. Furthermore, aldosterone acts on the late distal

tubule and collecting tubule, sites distal to the macula

densa. Since mineralocorticoids might alter potassium

suppression of renin release by a mechanism other than

their classical effects on the collecting tubule, it would be

of interest to know the effects of potassium on renin

release in animals or humans treated with the aldoste-

rone antagonist spironolactone.

The effects of potassium deprivation on renin release

also have been examined in man. Brunner et a!. (150)

observed that potassium depletion increased PRA in

normotensive and hypertensive subjects, and this eleva-

tion of PRA was associated with sodium retention, a

decrease in plasma potassium content, and a decrease in

potassium excretion. Himathongkam et a!. (482) found

that acutely lowering serum potassium concentration by

0.3 mEq/b, by the ingestion of glucose, resulted in a 2-

fold increase in PRA in normal humans. A similar rise in

PRA was observed by Henrich et a!. (473) when serum

potassium was reduced by 1.4 mEq/l by the hypokalemic

dialysis of patients with renal failure. In patients with

hypokalemia due to psychogenic vomiting, Radfar et al.

(922) found a 91% decrease in PRA when the serum

potassium level was increased from 2.3 to 3.5 mEq/l. No

change in blood pressure was observed. It also should be

mentioned that hypokalemia and hyperreninemia are

found in association with Bartter’s synchome (287, 1148).

Although both the hypokalemia and hyperreninemia are

mitigated by administering inhibitors of prostaglandin

synthesis to these patients (287, 1148), the exact role of

hypokalemia in stimulating renin release in this case is

not known.

In summary, small changes in serum potassium con-

centration have been shown to exert profound effects on

the release of renin, and this control mechanism may be

of physiologic significance. In addition, an inverse rela-

tionship between potassium balance and renin release

has been demonstrated in dogs, rats, and humans. The

mechanism by which potassium suppresses renin release

appears to involve an increase in the delivery of sodium

to the macula densa since potassium had no inhibitory

effects in dogs with a single, nonfiltering kidney or in rat

renal slices in vitro. Although it is unclear whether po-

tassium inhibits the proximal tubular reabsorption of

sodium, the intrarenal administration of potassium con-

sistently induced a natriuresis. Since it is this increase in

sodium excretion that appears to suppress renin release,

potassium must inhibit sodium reabsorption at some

point proximal to the macula densa, possibly in the

proximal tubule or the ascending limb of the loop of

Henle. On the other hand, the suppression of PRA in

humans by chronic potassium loading appears to be

independent of whether this dietary alteration induces a

natriuresis. Although studies in achenalectomized ani-

mals and Addisonian patients suggest that an increased

circulating level of mineralocorticoid is required for po-

tassium to exert its effect on renin release, further studies

are necessary to clarify this point. Since inhibitors of

prostaglandin synthesis have been found to inhibit the

renin release caused by potassium depletion in dogs and

the hypokalemia and hyperreninemia in patients with

Bartter’s syndrome, a role for renal prostaglandins also

must be considered in the control of renin release by

potassium.

D. Calcium

The presence of calcium ion in secretory and smooth

muscle cells is an important requirement for stimulus-

secretion coupling (965) and excitation-contraction cou-

pling (1202), respectively. Since the granular JG cells are

both secretory cells and modified smooth muscle cells, it

is not surprising that a number of investigators have

directed their attention to the role of calcium in the

release of renin. These studies, however, have been com-

plicated by the observations that, in addition to the

possible direct effects of calcium on renin release, calcium

can inhibit sodium reabsorption (356, 1059), alter cate-

cholamine release (965), and affect blood pressure (1195).

For these reasons, it has been difficult to assess the role

of calcium in the renin release process.

Kotchen et a!. (613) infused calcium chloride intra-

renally into anesthetized dogs and observed a 71% sup-

pression of renal venous PRA. This fall in renin release

was accompanied by a rise in serum calcium from 4 to 6

mEq/l, a 9-fold increase in the fractional excretion of
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calcium, and a 4-fold increase in the fractional excretion

of sodium. Blood pressure, GFR, and RBF were un-

changed. Because calcium ion failed to affect plasma

angiotensinase activity or the velocity of the renin-renin

substrate reaction in vitro, the authors (613) concluded

that calcium ion inhibited the release of renin through a

macula densa-mediated mechanism related to the in-

crease in sodium excretion.

To investigate the possibility that the chloride anion

might have contributed to the suppression of renin

release by calcium chloride, Kotchen et a!. (612) per-

formed similar experiments in anesthetized dogs in which

calcium gluconate was infused intrarenally. Calcium glu-

conate suppressed renal venous PRA by 69% without

changing blood pressure, RBF, or GFR. Since the de-

crease in renal venous PRA correlated with the increase

in the fractional excretion of sodium, Kotchen et al. (612)

again concluded that the effect of calcium on renin

release was mediated by sodium and/or chloride trans-

port at the macula densa cells.

Watkins et a!. (1178) conducted similar experiments in

which calcium chloride and calcium gluconate were in-

fused intrarenally into sodium-depleted, anesthetized

dogs. Calcium chloride decreased renin secretion by 65%

and increased the excretion of calcium and chloride;

however, in contrast to previous studies (613), RBF was

decreased by 25% and sodium excretion was unchanged

(1178). In like fashion, calcium gluconate suppressed the

rate of renin secretion by 72%, decreased RBF by 60%,

increased the excretion of calcium, and did not alter the

excretion of sodium or chloride. In sodium-depleted dogs

with a single nonfiltering kidney, calcium chloride again

suppressed the rate of renin secretion by 63% and RBF

by 40%. From these studies, it was concluded that calcium

ion per se was responsible for the suppression of renin

secretion in sodium-depleted dogs. Inhibition of renin

release was thought to occur via a direct action of calcium

on the granular JG cells. It is unlikely that calcium

inhibited renin release via an action on the renal nerves

or the renal baroreceptor. That is, increased calcium

would be expected to facilitate the liberation of norepi-

nephrine, thus stimulating renin release, and a decrease

in afferent arteriolar radius at a constant renal perfusion

pressure would lead to a decrease in circumferential

stress, also a stimulus to renin release.

Along these lines, Iwao et a!. (522) found that intra-

renal infusions of calcium chloride increased renin secre-

tion from 1.7 to 38.1 ng of Al per g of kidney weight/mm

in anesthetized dogs with denervated kidneys. Renal

blood flow was found to increase from 2.8 to 3.2 ml/g of

kidney/mm, and urine flow also increased. In a subse-

quent study, the same group of researchers (1242) ob-

served a variable but consistent increase in renal venous

PRA when calcium chloride was infused intrarenally into

anesthetized dogs. The effect of calcium on renin secre-

tion in these studies (522, 1242) was exactly the opposite

of that observed in the studies mentioned above (612,

613). The reason for obtaining such disparate results is

unknown unless it can be attributed to the presence (612,

613) or absence (512, 1242) of the renal sympathetic

nerves.

In rats, Kotchen et a!. (609, 613) found that chronic

calcium loading, produced by giving the animals 1%

calcium chloride to drink, did not alter PRA, renal renin

content; serum calcium, sodium, and potassium concen-

tration; or the urinary excretion ofsodium and potassium.

The urinary excretion of calcium was, however, greatly

increased. In rats on a low sodium diet ingesting 1%

calcium gluconate, similar results were obtained. How-

ever, in sodium-depleted rats ingesting 1% calcium chbo-

ride, PRA was suppressed by 36% and renal renin content

was decreased by 56% relative to the sodium-depleted

control animals. The concentrations ofserum electrolytes

were unchanged. These investigators (609, 613) con-

eluded that the ability of calcium salts to decrease the

release of renin was due to the accompanying chloride

anion. Also, since calcium loading suppressed the release

of renin only in sodium-depleted rats, they suggested

that calcium may not have a primary role in the regula-

tion of renin release but rather may modify the release of

renin caused by other stimuli.

Weidmann et al. (1 195) examined the renin response

to calcium chloride and calcium gluconate infusions in

six patients with chronic renal failure. A calcium chloride

infusion, sufficient to raise the serum calcium levels by

approximately 2 mEq/l, did not change PRA but did

increase blood pressure in all of the patients studied.

Similarly, when calcium gluconate, in quantities suffi-

cient to elevate the serum calcium levels by 2.2 to 5.5

mEq/l, was infused into normal subjects on a normal

sodium intake, PRA remained constant (310, 415). In

contrast, Kisch et a!. (594) noted that an infusion of

calcium chloride suppressed PRA by 29% in normal

subjects on a low sodium diet. Calcium chloride failed to

alter the urinary excretion or plasma levels of sodium or

potassium, and the infusion ofan equal amount of sodium

chloride produced an equal fail in PRA. Changes in blood

pressure were not reported. Thus, it would appear that

calcium does suppress renin release in normal, sodium-

depleted humans but not in normal humans on a normal

sodium intake or in patients with renal failure. These

findings in humans are consistent with those of Kotchen

et a!. (609, 613) in rats and suggest that serum calcium

concentration is a modified rather than a primary regu-

lator of renin release.

Brinton et a!. (139) reported elevated PRA values in

four of seven hypertensive patients with primary hyper-

parathyroidism. After parathyroidectomy, PRA, plasma

calcium concentration, and blood pressure returned to

within the normal range. In contrast, PRA levels were

not elevated in normotensive, primary hyperparathyroid

patients; normotensive patients with secondary hyper-

parathyroidism; or normotensive patients with hypercal-

cemia of other etiologies. The authors (139) concluded
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that the increase in PRA was not the result of the

hypercalcemia per se since normal PRA values were

observed in normal subjects infused with calcium glucon-

ate and since normal PRA levels were observed in the

normotensive, primary hyperparathyroid patients. Simi-

larly, elevated parathyroid hormone levels did not appear

to be involved since normal PRA levels were observed in

the patients with secondary hyperparathyroidism. Along

these lines, infusions of parathyroid hormone had no

effect on PRA in dogs (710) and normal humans (310).

Thus, the mechanism that stimulates renin release in

hypertensive, primary hyperparathyroid patients is un-

clear.

Liach et a!. (665) examined the effects of acute and

chronic hypocalcemia on PRA in normal subjects and

patients with hypoparathyroidism. Infusion of the che-

bating agent ethylenediaminetetraacetate (EDTA) de-

creased the serum calcium concentration by 1.5 mEq/l

but did not alter the supine and upright PRA values

when compared to the control responses obtained during

5% dextrose infusions. Orthostatic hypotension was ob-

served in the EDTA-infused subjects. In the patients

with pseudohypoparathyroidism and hypoparathyroid-

ism, values for supineand standing PRA were not differ-

ent from those obtained in normal subjects. Furthermore,

when these hypoparathyroid patients were infused with

calcium gbuconate in amounts that would produce hyper-

calcemia, the supine and standing PRA values remained

within the normal range. Thus, it would appear that the

release of renin in humans is not affected by acute or

chronic hypocalcemia.

In an attempt to explore the effects of calcium on renin

release without the influences of changes in systemic
hemodynamics, renal nerve activity, or circulating hor-

mones, several investigators have used the isolated per-

fused kidney (351, 352a, 668, 883) or renal cortical slices

(25, 63, 209, 213a, 742, 769, 873, 1242). Fray (351), with

the isolated rat kidney perfused with a Krebs-Henseleit

solution, observed a 5-fold increase in perfusate renin

concentration when kidneys obtained from sodium-

loaded and sodium-depleted rats were perfused with a

calcium-free medium. When calcium was added back to

the perfusate, a concentration-dependent inhibition of

perfusate renin concentration occurred: Perfusion pres-

sure and perfusate flow were not influenced by changes

in perfusate calcium concentration. if, however, renal

perfusion pressure was reduced from 110 to 50 mm Hg

after renin release was maximally stimulated by perfusion

with a calcium-free medium, no further increment in

renin release was observed. In later studies with the same

system, Fray and Park (352a) found that a decrease in

renal perfusion pressure was more effective in stimulating

renin release if the calcium concentration of the perfusate

was lowered from 5 to 0 mM. In addition, an increase in

renal perfusion pressure increased, rather than de-

creased, renin release when the perfusate was free of

calcium. Either raising the potassium concentration or

lowering the sodium concentration of the perfusate par-

tially inhibited the renin release elicited by acute calcium

deprivation. In similar studies with the perfused rat

kidney, Logan et a!. (668) observed a significant increase

in renal venous renin concentration after the removal of

calcium from the perfusate; however, addition of lan-

thanum, an antagonist of calcium, to the perfusate sup-

pressed this rise in renin release by 97%. Furthermore,

the addition of EDTA to the perfusate increase the renin

concentration in the venous effluent by 9-fold, and the

addition of lanthanum to the perfusate at this point

suppressed the elevated renin levels by 56%. In subse-

quent studies, the same group of investigators (883)

reported that the perfusion of rat kidneys with a calcium-

free solution containing EDTA caused a transient rise in

perfusion pressure followed by a gradual 4-fold increase

in renal venous renin concentration. This increase in

renin release was not blocked by propranobob, phenoxy-

benzamine, or the removal of magnesium from the per-

fusate. If ethybene-glycol-aminoethyb-tetraacetate

(EGTA), which has a greater affinity for calcium than

for magnesium, was added to the perfusate, a transient

but less pronounced rise in perfusion pressure occurred,

and an immediate 2-fold increase in renal venous renin

concentration was noted. These findings bed to the sug-

gestion that an increased influx or rise in intracellular

calcium ion inhibited the release of renin. Fray and Park

(352a) suggested that the events that bead to a change in

cytoplasmic calcium concentration might depend on the

membrane potential of the granular JG cells and/or the

sodium-calcium exchange at the cellular membrane.

In contrast, Michebakis (742) found that increasing the

calcium concentration from 0 to 2.5 mM caused approx-

imately a 2-fold increase in the renin released into the

incubation medium when canine renal cortical slices were

studied. Similar findings were reported by Morimoto et

a!. (769). Yamamoto et a!. (1242) found that a similar

increase in calcium concentration caused a 2-fold increase

in renin release, but no change in the release of protein

or acid phosphatase, from canine renal cortical slices in

vitro. In rat renal cortical slices, however, increasing the

calcium concentration in the incubation medium did not

change renin release (25, 209)� If the slices were first

pretreated with a calcium-free medium, the introduction

of calcium caused an immediate 4- to 5-fold increase in

the release of renin (209). Since a similar stimulation of

renin release by calcium occurred when the incubation

solution contained choline chloride rather than sodium

chloride, it was concluded that calcium stimulated renin

release by a direct mechanism unrelated to the transport

of sodium (209).

Park and Malvin (873) studied the effects of calcium

on renin release from ovine renal cortical slices in vitro

and observed changes similar to those reported in studies

conducted in vivo and in isolated perfused kidneys. When

the calcium concentration of the incubation medium was

increased from 0 to 5 mM, the release of renin decreased
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by 38%. If the renal slices were incubated in 59 mM

rather than 5.9 mM potassium, an identical increase in

calcium concentration caused an 83% suppression of

renin release. Furthermore, ouabain was found to sup-

press renin release by 70% in a calcium-containing me-

dium but did not alter renin release in a calcium-free

medium. Because a high potassium concentration and

ouabain have been found to increase intracellular calcium

concentration in vascular smooth muscle, Park and Ma!-

vu (873) proposed that an increase in intracellular cal-

cium decreased the release of renin. As further support

for this point, the chelation of extracellular calcium with

EDTA or EGTA and the subsequent depletion of intra-

cellular calcium caused a 9-fold and 5-fold increase in

renin release, respectively. Churchifi (213a) also found

the inhibition by ouabain of renin release from rat renal

cortical slices in vitro to be dependent on the availability

of extracellular calcium. Churchill (213a) proposed that

an increase in the intracellular concentration of sodium,

resulting from the inhibition of the sodium-potassium

ATPase by ouabain, led to an increase in the intracellular

concentration of calcium via a sodium-calcium exchange

mechanism similar to that found in vascular smooth

muscle.

Baumbach and Leyssac (63) also assessed the effects

of calcium on the release of renin from isolated, super-

fused rat gbomeruli. When the calcium concentration of

the superfusate was decreased from 2 mM to 0 mM, a 3-

fold increase in renin release occurred. The addition of

EGTA to the superfusate caused no further stimulation

of renin release. The calcium ionophore A23187, which

increases the influx of calcium into cells, decreased renin

release from gbomerubi superfused with 2 mM calcium

and blocked the rise in renin release associated with

superfusion with a calcium-free medium, but failed to

block the increase in renin release due to superfusion

with a calcium-free EGTA-containing medium. Thus, it

would appear that the release of renin is inversely related

to the intracellular concentration of calcium in the gran-

ular JG cells. Interestingly, the calcium antagonist lan-

thanum decreased renin release in the presence and

absence of calcium in the medium. This suppression of

renin release by lanthanum was blocked by the addition

of EGTA to the superfusate. Logan et al. (668) reported

a similar suppression of remn release by lanthanum in

the isolated perfused kidney. The mechanism of this

inhibition of renin release by lanthanum is unclear, but

it may be related to the ability of lanthanum to inhibit

the passive efflux of calcium from cells as has been

demonstrated in vascular smooth muscle (274). From

these findings, these researchers (63) proposed that renin

release was not an exocytotic process since an increase in

intracellular calcium was associated with a decrease in

renin release. Consequently, it was suggested that

changes in intracellular calcium modify renin release by

regulating the volume of the granular JG cells. According

to this hypothesis, increased intracellular calcium re-

duces cell volume and suppresses the release of renin

whereas a decrease in intracellular calcium increases cell

volume and stimulates the release of renin.

Although most of the studies have concentrated on the

effect of calcium on the basal rate of renin release, several

investigators (444, 652, 1134) have examined the role of

calcium in stimulated renin release. Vandongen and

Peart (1134) found, with the isolated perfused rat kidney,

that reducing the perfusate calcium concentration from

3.7 to 0.32 mM completely blocked All-induced vasocon-

striction. However, even in the presence of a low calcium

concentration, All suppressed basal PRC by 72% and

isoproterenol-induced renin release by 92%. When the

perfusion medium contained no calcium or no calcium

and EDTA, the inhibition of basal and isoproterenol-

induced renin release by All was prevented. These find-

ings indicate that the contraction of vascular smooth

muscle and the inhibition of renin release by All depend

on the level of extracellular calcium. In addition, the

observation that lowering extracellular calcium inhibited

renal vasoconstriction without altering the suppression

of renin release by All indicates the greater sensitivity of

the vasoconstrictor process to changes in extracellular

calcium.

The role of calcium in sympathetically-mediated renin

release has been studied extensively. Viskoper et a!.

observed in the isolated perfused rabbit kidney that

isoproterenol increased renal venous renin concentration

by 17% without changing renal vascular resistance (1158).

When EGTA was added to the blood perfusing the

kidney, a similar increase in renin release was caused by

isoproterenob. Fray and Park (352a) found isoproterenob

to be more potent in increasing renin release from the

isolated perfused rat kidney as the calcium concentration

of the perfusate was decreased. Lester and Rubin (652)

observed a biphasic increase in renin release following

isoproterenob in isolated perfused cat kidneys, i.e. an

initial rapid rise in renin release that was followed by a

secondary transient increase. Perfusion of the kidney

with calcium-free media or an infusion of the calcium

antagonist D-600 did not change the initial rise in renin

secretion but blocked the secondary increase in renin

secretion seen with isoproterenol. These same interven-

tions also failed to alter furosemide- and glucagon-in-

duced renin release. Thus, in keeping with previous ob-

servations, it appears that extracellubar calcium is not

required for the initial stimulation of renin release

brought about by isoproterenol, furosemide or glucagon.

Lester and Rubin (652) suggested that the secondary rise

in renin release, which appeared to be dependent on the

extracellular concentration of calcium, involved the syn-

thesis and/or mobilization of the secretory product.

Harada and Rubin (444) examined the effects of nor-

epinephrmne and renal nerve stimulation on renin release

and calcium efflux in the isolated, perfused cat kidney.

Phenoxybenzamine was added to the perfusate to block

achenergic vasoconstrictor responses. Norepinephrmne
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caused a dose-related increase in remn release. When the

kidneys were perfused with a calcium-free solution or a

calcium-free solution containing EDTA, norepinephrine

produced a similar increase in remn release; therefore,

extracellular calcium was not required for norepineph-

rime-induced renin release. In kidneys in which the intra-

cellular stores of calcium had been labelled with radio-

active calcium, norepinephrine produced a dose-related

increase in renin release and calcium efflux. Both of these

responses were blocked by an infusion of the beta-adre-

nergic antagonist propranobob. In like fashion, renal nerve

stimulation increased both the release of renin and the

efflux of calcium. From these findings, it was suggested

that norepinephrine, released by nerve stimulation or

from extrarenal sources, acts directly on the granular JG

cells to mobilize intracellularby bound calcium. The eel-

bular efflux of calcium and the subsequent fall in intra-

cellular calcium content then caused the increase in the

release of renin.

In summary, when considering the role of calcium in

renin release, it is apparent that intracellular, rather than

extracellular, calcium is the most important determinant.

According to these studies, if intracellular calcium levels

are decreased by beta-achenergic stimuli, calcium chela-

tors such as EDTA or EGTA, or the absence of extracel-

bubar calcium, renin release is stimulated. In contrast, if

the intracellular levels ofcalcium are elevated by decreas-

ing the efflux of calcium with lanthanum or by increasing

calcium influx with high potassium, ouabain, All, or

calcium ionophores, renin release is inhibited. As indi-

cated by Baumbach and Leyssac (63), this reciprocal

relationship between intracellular calcium content and

renin release suggests that a mechanism other than exo-

cytosis may be involved in the release of renin from the

granular JG cells.

E. Magnesium

Several investigators have examined the effects of

magnesium on the release of renin in vivo (211, 217, 594)

and in vitro (63, 318a, 351, 769). When Churchill and

Lyons (217) infused magnesium chloride intrarenally into

anesthetized dogs, they observed a 2-fold increase in

renin secretion. This stimulation of renin secretion was

accompanied by a 4-fold increase in the magnesium

concentration of renal venous plasma, a 2-fold increase

in sodium excretion and urine volume, a 9 mm Hg de-

crease in MAP, and no change in RPF or GFR. Since the

increase in sodium excretion would be expected to sup-

press renin release, and since RPF and MAP did not

change significantly, magnesium appeared to increase

renin secretion either through a direct action on the

granular JG cells or through an alteration in the activity

of the sympathetic nerves innervating these cells.

Wilcox (1211) studied the effects of magnesium chlo-

ride on renin release from denervated, autotransplanted

kidneys in anesthetized dogs. An i.v. infusion of magne-

sium chloride, which increased the plasma magnesium

levels by 0.05 to 1 mEq/l, caused an 9-fold increase in

renin secretion and a 13% increase in RPF. GFR, MAP,

and sodium excretion were unchanged. When calcium

chloride was infused along with magnesium chloride, the

increments in renin secretion and RPF caused by mag-

nesium were decreased by approximately 75%. Since the

renal nerves were severed, and since renin secretion did

not correlate with changes in RPF or sodium excretion,

but rather with changes in plasma magnesium concen-

tration, Wilcox (1211) concluded that magnesium elicited

renin secretion by a direct action on the granular JG

cells. Furthermore, since calcium chloride blocked the

renin-releasing effects of magnesium chloride, it was sug-

gested that magnesium might stimulate renin release by

antagonizing the flux of calcium across the cell membrane

of the granular JG cells.

In contrast to the reports (217, 1211) cited above, the

i.v. infusion of magnesium sulfate into normal human

subjects on a low sodium diet failed to change PRA (594)

even though equimolar amounts of calcium chloride and

sodium chloride lowered PRA. The i.v. infusion of mag-

nesium sulfate did not affect the urinary excretion of

sodium or potassium. The plasma concentration of mag-

nesium increased by 1.3 mEq/l.

With isolated perfused kidneys from sodium-depleted

rats, Fray (351) found that increasing the . magnesium

concentration of the perfusate in a stepwise fashion from

1.2 to 10 and then to 20 mM caused a 1.7- and 6-fold

increase in the cumulative perfusate renin concentration,

respectively, without altering renal perfusate flow. Since

changes in the sodium concentration of the perfusate did

not affect renin release in this system, it is unlikely that

magnesium stimulated renin release via the macuba

densa. Similarly, since renal perfusion pressure and per-

fusate flow were not changed by magnesium, activation

of the intrarenal baroreceptor appears unlikely. However,

perfusion of the kidneys with calcium-free medium ele-

vated renin release, and the addition of 20 mM magne-

sium to the perfusate did not produce a further increase

in the release of renin. Thus, as previously suggested

(1211), magnesium appears to increase renin release by

antagonizing the inhibitory effects of calcium on renin

release (351). In later studies, Ettienne and Fray (318a)

found that increasing the potassium concentration of the

perfusate or elevating renal perfusion pressure inhibited

magnesium-induced renin release in the isolated perfused

rat kidney. The increase in renin release elicited by a

decrease in renal perfusion pressure or isoproterenol was

not affected by 20 mM magnesium in the perfusate.

Based on these data (318a, 351), it was suggested that

hyperpolarization of the granular JG cells by magnesium

bed to a decrease in the cytoplasmic concentration of

calcium and thus renin release.

Morimoto et a!. (769) observed a slight decrease in the

release of renin from canine renal cortical slices in vitro

when the magnesium sulfate concentration of the incu-

bation medium was decreased from 1.2 to 0 mM. When
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both calcium and magnesium were removed from the

incubation medium, a further decrement in renin release

occurred. In contrast, Baumbach and Leyssac (63), with

isolated superfused rat gbomeruli, did not observe a sig-

nificant or consistent change in renin release when the

concentration of magnesium in the superfusate was re-

duced from 1.2 to 0.12 to 0 mM.

From the available data, it appears that an increase in

plasma magnesium levels stimulates the release of renin

whereas a decrease in plasma magnesium concentration

lowers renin release. Although the mechanism by which

magnesium effects these changes is unclear, much of the

evidence points to a direct effect of magnesium on the

granular JG cells. In this respect, magnesium may elevate

renin release by inhibiting the movement of calcium

across the membrane of the granular JG cell. The phys-

iobogic, pharmacologic, and pathophysiobogic importance

of magnesium in the control of renin release remains to

be determined.

F. Angiotensin

In 1965, Vander and Geelhoed (1121) proposed a pres-

sure-independent mechanism by which circulating levels

of All inhibited renin release by a direct, intrarenal

action. They observed that i.v. All suppressed basal

renin release in anesthetized dogs even when renal site-

rial pressure was held at control levels by means of a

suprarenal aortic clamp. Furthermore, All decreased

renin release in the face of two powerful stimuli to renin

release, viz. renal arterial hypotension and elevation of

ureteral pressure. In both cases, sodium excretion was

markedly reduced, a situation that would be expected to

elevate PRA, and yet All suppressed renin release. This

effect of All was not attributable to its vasoconstrictor

activity since an equipressor dose of norepinephrmne

(with renal perfusion pressure controlled) caused an in-

crease in renin release and since subpressor doses of All

also lowered renal venous PRA. Based on these obser-

vations, it was proposed that All had a direct inhibitory

effect on renin release.

Within a short time, DeChamplain et a!. (261) noted

that both pressor and subpressor doses of All (infused

over a 3-hr period) suppressed PRA in normal and hy-

pertensive humans whose basal rates of renin release had

been elevated by sodium depletion. This effect of All

was not mediated via increased aldosterone secretion

since a 3-hr infusion of aldosterone did not lower PRA.

In the ensuing years, numerous investigators have con-

ducted animal studies to determine the exact mechanism

by which All suppresses renin release. Bunag et a!. (165)

observed that All decreased PRA in anesthetized dogs,

even when the basal rate of renin release was elevated

by sodium-depletion or a decrease in renal perfusion

pressure. Angiotensin II diamide or 8-Ala-All were with-

out effect and, again, renin suppression by All was in-

dependent of any change in total RBF or renal perfusion

pressure produced by the peptide. Other researchers also

concluded that renin release from ischemic kidneys was

suppressed by circulating All (1076). It was further

shown by Blair-West et a!. (105) that physiologic concen-

trations of exogenously supplied All prevented the in-

crease in PRC normally observed during the onset of

sodium depletion in conscious sheep. Infusion of 3 ng/hr

of All into the renal artery caused no change in systemic

blood pressure, urinary sodium excretion, blood All con-

centration, or plasma potassium concentration, and yet

this dose of All blocked the increase in renin release

usually seen during sodium depletion. Based on these

observations, it was suggested that renin release was

modulated continuously by feedback from variations in

the plasma concentration of All (105). It has also been

reported that rabbits immunized against All exhibited

an increase in PRA in association with the appearance of

anti-All antibodies (1047) and that the i.v. infusion of

All into conscious rats lowered basal PRC by 70% (784a).

Shade et a!. (1007) found that All-mediated suppres-

sion of renin secretion did not depend on the presence of

a functional macula densa. Renin secretion in anesthe-

tized dogs with a single nonfiltering kidney chopped by

50% within 15 mm of beginning an intrarenal infusion of

All. Mean arterial pressure did not change and total

RBF was decreased in only two or five dogs. The suscep-

tibility of the renin-suppressing action of All to specific

receptor blockade was studied by McDonald et a!. (711)

in anesthetized dogs. Intravenous All increased MAP

(renal arterial pressure was controlled with an aortic

clamp) and lowered PRA (a 67% decrease), GFR, and

RBF. All of these effects were blocked by an i.v. infusion

of the All antagonist 1-Sar-8-Gly-AII. During the i.v.

infusion of All, a unilateral intrarenal infusion of the

angiotensin antagonist increased the release ofrenin from

the infused kidney without antagonizing the suppression

of GFR and sodium excretion caused by All. This in-

crease in renin release occurred even when the infused

kidney was denervated. Thus, the angiotensin receptor

antagonist blocked both the vascular and renin-suppress-

ing actions of All, but the latter effect was more suscep-

tible to inhibition (711). When either All or AIlI, at

doses calculated to increase their concentration in the

renal blood by 70 pg/mb, was infused into the renal

arteries of anesthetized dogs on a normal or bow sodium

diet, renin secretion was decreased by 50% to 60% (359).

No significant alteration of MAP, GFR, RBF, or sodium

excretion was noted in these experiments. Therefore, it

appeared that both All and AIII had a similar effect on

renin secretion in both the basal and stimulated states

(359). Beckerhoff et a!. (69a) also found an equal sup-

pression of PRA when equimolar doses of All and AIlI

were given i.v. to anesthetized dogs.

Angiotensin II also suppressed the renin release elic-

ited by other physiologic and pharmacologic stimuli (112,

637, 732). For instance, Meyer et a!. (732) reported that

isoproterenol elevated PRC approximately 20-fold in con-

scious rats whereas only a 4-fold increment in PRC was

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


118 KEETON AND CAMPBELL

observed when isoproterenob and All were infused si-

multaneously. In this case, All also prevented the hypo-

tension and tachycardia caused by isoproterenob. Anglo-

tensin II prevented furosemide-induced renin release in

conscious rats even though the diuresis caused by furo-

semide was not altered (637). As before (732), basal PRC

values were suppressed by the infusion of All (637).

Finally, PRC was elevated about 10-fold whereas MAP

was decreased by 16% within 48 hours of unilateral ad-

renalectomy in rats (112). An i.v. infusion of All at this

point elevated MAP to 30% above the sham-operated

control values and lowered PRC values by 90%. In each

of these studies, the authors (112, 637, 732) concluded

that the suppression of stimualted renin release by All

was due to: 1) the increase in MAP, 2) afferent arteriolar

vasoconstriction, and/or 3) a direct effect on the granular

JG cells.

It should be pointed out that intracerebroventricularly

administered All has been reported to lower PRA by

60% in conscious goats (314) and anesthetized cats (668a).

It is unclear whether the decrement in PRA was caused

by the observed increase in MAP, sodium excretion, or

ADH release, but the renal nerves do appear to play an

important part in this suppression of renin release (668a).

Later, Malayan et a!. (688) reported that centrally ad-

ministered All appeared to inhibit renin release in anes-

thetized dogs by stimulation of the release of AVP.

Arginine vasopressin has been found to inhibit the secre-

tory function of the granular JG cells directly (1007).

Whether circulating All may affect renin release via the

central nervous system is not known at this time.

Other workers (540, 794, 1217) have confirmed and

extended the original observations of DeChampbain et a!.

(261) in humans. For instance, Johnston et al. (540) found

that subpressor infusions of All suppressed PRA in both

normotensive and hypertensive humans whether the sub-

jects were on a normal or bow sodium diet. More recently,

Williams et a!. (1217) discovered that infusions of All

caused a dose-rebated decrease in PRA in normal hu-

mans, but were without effect in patients with normal-

renin and high-renin hypertension. Therefore, the nega-

tive-feedback effect of All on renin release may not

operate in hypertensive patients. Carey et a!. (191a)

compared the effects of All and AIlI on PRA in normal

subjects. Both peptides reduced PRA to an equal extent

when similar doses were infused into subjects on a normal

or low sodium diet.

Several research groups have described the ability of

All to inhibit renin release from renal cortical slices in

vitro (188, 263, 743, 771, 782, 961, 1154, 1225) and from

the isolated perfused rat kidney (491, 1134, 1136). In 1969,

both Michelakis (743) and deJong (263) reported that

All lowered renin release from renal cortical slices in

vitro. In the latter case, renin release from rat renal slices

was suppressed in a concentration-dependent fashion.

Subsequently, Rosset and Veyrat (961, 1154) found that

10_6 M All inhibited renin release from human kidney

slices by 60% to 70%. Wilton (1225) also noted that All

lowered renin release from rat renal slices, but Morris et

a!. (771) failed to detect any change in renin release from

isolated rat gbomeruli superfused with an angiotensin-

containing solution. However, Capponi et a!. (188) deter-

mined that All (10_6 M) not only suppressed basal renin

release from rat renal slices, but also inhibited isoproter-

enob-induced renin release in a concentration-dependent

fashion. In either case, the inhibition by All was com-

pletely reversed by equimolar concentrations of 1-Sar-8-

Ala-All, a specific angiotensin receptor blocking agent.

Perhaps the most thorough in vitro study of All sup-

pression of renin release is that of Naftilan and Oparil

(782). With rat renal cortical slices, they found that both

All (5 x i0� M to 5 x i07 M) and AlIl (1 x i05 M to

1.5 x iO-4 M) caused a concentration-related decrease in

renin release. As before (188), 1-Sar-8-Ala-AII completely

blocked All inhibition of renin release but had no effect

on basal renin release (782). In addition, it was discovered

that the (3-8), 4-8), and (5-8) peptides of All inhibited

renin release, but their potency chopped off sharply as

their amino-terminal amino acids were removed. The

carboxy-terminal amino acids appeared to be of impor-

tance in the inhibition of renin release since the (1-5)

peptide of All exhibited no activity.

When the renal stores of norepinephrmne were reduced

by 99% by pretreatment with reserpine in vivo, All stifi

suppressed basal renin release in vitro and isoproterenol

stifi elicited an increase in renin release but; as expected,

tyramine was without effect. Lastly, when papaverine

was added to block any portion of the renal baroreceptor

mechanism remaining in the tissue slice, All still was

able to suppress renin release. Therefore, the inhibition

of renin release by All was concluded to be a direct effect

on the granular JG cells, independent of achenergic or

vascular influences. Furthermore, since All was much

more potent than AIII in suppressing renin release, Nsf-

tilan and Oparil (782) felt that the All receptors of the

granular JG cells were similar to the vascular receptors

and different from the adrenal receptors. It should be

pointed out that AIII is more potent than All in stimu-

bating aldosterone production from adrenal tissue in vivo

(177) and in vitro (880), but AIlI is only about 20% as

potent as All in causing vasoconstriction in vivo (184)

and in vitro (764). Whereas Naftilan and Oparil (782)

found All to be more potent than AIII in suppressing

renin release, Freeman et al. (359) found them to be

equipotent. However, in the latter studies (359) dose-

response curves were not constructed so it is possible

that the doses of All and AIII exceeded those needed for

maximal inhibition.

The effects of All on renin release from the isolated,

perfused rat kidney also have been characterized (491,

1134, 1136). When All was introduced into the isolated

rat kidney perfused with an electrolyte solution contain-

ing protein and washed bovine red blood cells, renin

release was inhibited at doses of All that did not alter
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RPF, GRF, or salt excretion (491). Suppression of renin

release was rapidly reversed when All was removed from

the perfusate (491). Vandongen et a!. (1136) found that

All inhibited both isoproterenol- and glucagon-induced

renin release in the isolated rat kidney perfused with a

Krebs-saline solution. As would be expected, All in-

creased and isoproterenol decreased perfusion pressure,

but the inhibitory effects of All on isoproterenol-induced

renin release occurred even though the combination of

the two drugs returned perfusion pressure to control

levels. Angiotensin III also inhibited isoproterenob-in-

duced renin release. In contrast to more recent studies

(782), Vandogen et a!. (1136) found that the (3-8) and (4-

8) peptides of All were not active; however, these pep-

tides may be degraded faster in the perfused kidney

(1136) than in the renal slice preparations (782). Vandon-

gen et a!. (1136), the first investigators to propose a

cellular mechanism for All suppression of renin release,

suggested that both isoproterenob and glucagon might

stimulate renin release by elevating the intracellular con-

centration of cyclic AMP and that All may inhibit the

production of cyclic AMP. In this respect, All had pre-

viously been demonstrated to inhibit the stimulation of

adenybate cycbase by epinephrmne in the isolated rat aorta

(1161) and rat uterus (248).

Vandongen and Peart (1134) studied the calcium de-

pendence ofAll suppression ofrenin release. Angiotensin

II inhibited both basal and isoproterenol-stimulated

renin release from the isolated rat kidney perfused with

a solution containing 3.7 mM calcium. In this case, All

reversed the chop in perfusion pressure caused by isopro-

terenob. However, if the calcium concentration of the

perfusate was reduced to 0.32 mM, All still decreased

isoproterenob-induced renin release even though the pep-

tide no longer suppressed basal renin release or elicited

vasoconstriction. When a calcium-free perfusate was

used, All failed to bower either basal or isoproterenob-

stimulated renin release. Therefore, All appeared to

inhibit basal and stimulated renin release not by renal

vasoconstriction, but rather by a mechanism dependent

on extracellular calcium.

In conclusion, it is apparent that All inhibits renin

release by a direct action on the granular JG cells. This

negative feedback inhibition is referred to as the “short

loop” mechanism (572) to distinguish it from the indirect

inhibitory effect of increased levels of aldosterone. In the

batter case, called the “bong loop” mechanism, All stim-

ulates the secretion of aldosterone, and the resultant

retention of sodium and ECF volume expansion even-

tually suppresses renin release. Thus, the “short loop”

effects of All provide immediate modulation of renin

release, whereas the “bong loop” mechanism provides

feedback control over longer periods of time.

G. Antidiuretic Hormone (Arginine Vasopressin)

Since antidiuretic hormone, or arginine vasopressin

(AVP), causes renal vasoconstriction, increases blood

pressure, inhibits water excretion, and increases sodium

excretion, it is not surprising that this hormone alters

renin release. Bunag et a!. (165) were the first to examine

the effects of AVP on renin release. When renin release

was elevated in anesthetized dogs by constriction of the

thoracic aorta, an i.v. infusion of AVP decreased renin

release in 17 of 21 animals. This decrease was not asso-

elated with a consistent change in either MAP or RBF.

Oxytocin had no effect on PRA when infused in the same

concentration as AVP; however, at 10 times the dose of

AVP employed, oxytocin inhibited renin release in three

of four dogs. An intrarena! infusion of AVP in two of the

animals decreased renin release and RBF and increased

MAP slightly.

In a similar type of study, Vander (11 18) compared the

renal effects of vasotocin and AVP in anesthetized dogs.

Vasotocin reduced renal venous PRA both in normal

dogs and in dogs whose basal PRA values were elevated

by ureteral occlusion. Renal blood flow and MAP were

not changed by vasotocin. In like fashion, AVP sup-

pressed renin release without modifying systemic or renal

hemodynamics in animals with ureteral obstruction.

Vander (1 118) concluded that these peptides inhibited

renin release either by increasing the sodium load reach-

ing the macula densa or by a direct effect on the granular

JG cells. Tagawa et a!. (1071) found that small doses of

AVP lowered PRA in conscious, sodium-depleted dogs.

This suppression of secretory function was dose-related

and reversible. Furthermore, at the doses given, AVP did

not affect plasma osmolality, plasma sodium concentra-

tion, MAP, or heart rate. Because a 1 j�U/ml increase in

plasma AVP concentration decreased PRA by 25%, it

was suggested that AVP played a robe in the physiologic

control of renin release.

Johnson et a!. (536) also examined the effects of small

doses of AVP and its 1-desamino-8-arginine derivative

(DDAVP) on renin release in conscious, uninephrectom-

ized dogs ingesting a low salt diet. The i.v. administration

of these two peptides caused similar changes in urine

volume and urinary osmolality; however, only AVP in-

creased sodium excretion, potassium excretion, and

MAP. In addition, AVP decreased PRA by 40% whereas

DDAVP was without effect. An intrarenal infusion of

AVP suppressed PRA by 34% without changing blood

pressure or heart rate but the administration of DDAVP

by the same route did not affect PRA. Johnson et a!.

(536) concluded that AVP increased electrolyte excretion

and reduced PRA via selective activation of renal vas-

eular receptors and this action was not shared by

DDAVP. In keeping with these findings, Shade et a!.

(1007) provided the best evidence to date for a direct

effect of AVP on renin release. In anesthetized, sodium-

depleted dogs with a single, nonfiltering kidney, they

observed in two separate groups of experiments a 50%

and 80% inhibition of the rate of renin secretion after the

intrarenal infusion of AVP. Renal blood flow and MAP

were not affected when AVP was given by this route.
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Because AVP inhibited renin secretion in the absence of

a functional macula densa and changes in renal hemo-

dynamics, the authors proposed that AVP acted directly

on the granular JG cells.
Recent reports indicate that AVP also may mediate

the changes in renin release caused by other stimuli.

Schrier et al. (993), in anesthetized dogs, noted a 60%

decrease in the rate of renin secretion after the i.v.

injection of AVP. This suppression of renin secretion was

accompanied by a decrease in RBF, an increase in MAP

and urinary osmolality, and no change in sodium exere-

tion. A similar change in renin secretion and urinary

osmolabity was seen after bilateral, cervical vagotomy.

However, if the dogs were hypophysectomized prior to

cervical vagotomy, the latter intervention did not inhibit

renin secretion or increase urinary osmolality. Therefore,

the authors suggested the existence of a neurohumoral

reflex whereby a decrease in parasympathetic tone in-

creased the release of AVP that in turn suppressed renin

release. However, it should be pointed out that many

other investigators (21, 142, 484, 1252, 1253, 1260) have

found that bilateral, cervical vagotomy actually causes

an increase in renin release, which is mediated via the

renal sympathetic nerves, so the existence of such a

neurohumoral reflex is doubtful. On the other hand,

Malayan et a!. (688) found that an intracerebroventric-

ular injection of All reduced PRA by 20% and doubled

the concentration of AVP in the plasma of anesthetized

dogs. After hypophyseetomy to remove the source of

AVP, centrally administered All did not alter PRA de-

spite the fact that MAP rose to the same extent as it had

in intact dogs treated with All. It was concluded that the

central administration of All inhibited renin release by

stimulating the release of AVP rather than by increasing

systemic blood pressure.

Arginine vasopressin also has been found to reduce

PRA in normal, anesthetized rats (215, 422, 424, 469) and

rats (Brattleboro strain) with hereditary, hypothalamic

diabetes insipidus (49, 422, 424, 888). In other studies in

rats, AVP and 2-Phe-8-Lys vasopressin (octapressin) did

not affect basal PRA but did inhibit isoproterenol-in-

duced renin release in normal rats and rats with a single,

nonfiltering kidney (732, 735). Octapressin also was found

to prevent furosemide-elicited renin release in rats (637).

A similar suppression of isoproterenol- and furosemide-

induced renin release was, however, observed with other

vasoconstrictor agents such as All and phenylephrine.

Thus, the effect of octapressin on stimulated renin release

did not appear to result from a specific action of this

compound.

Gutman and Benzakein (422, 424) were the first re-

searchers to compare renin values in heterozygous Brat-

tleboro rats (animals that synthesize AVP) and homo-

zygous Brattleboro rats (animals that do not synthetize

AVP) with diabetes insipidus (DI). A 2-fold elevation of

PRC was measured in anesthetized, male rats with DI

when compared to the normal, heterozygous animals. No

such difference was detected when the female rats of the

two groups were compared. However, exogenously ad-

ministered AVP reduced PRC significantly in all four

groups of Brattleboro rats. The concentration of plasma

renin substrate was similar in the control (heterozygous)

animals and the rats with DI when both sexes were

compared. The surgical removal of the testes or ovaries

did not alter PRC in rats with DI.

Balment and colleagues (49, 469) subsequently studied

the effects of AVP on renin release in Brattbeboro rats,

but different results were obtained. In ether-anesthetized

rats, PRA was elevated 2-fold in female and 4-fold in

male rats with DI when compared to the appropriate sex

of heterozygous Brattleboro rats. Interestingly, the treat-

ment of male rats with DI with AVP reduced PRA to

within the normal range encountered in heterozygous

animals. The suppression of renin release by AVP in

these animals was blocked by prior castration but not by

hypophysectomy. In contrast, AVP tended to increase

PRA in intact female rats with DI and yet suppressed

renin release in hypophyseetomized females with DI.

Although it is unclear how gonadal and hypophyseal

hormones modify the effects of AVP on renin release, it

is apparent from these studies (49, 469) that sex may be

an important determinant of the effects of AVP on renin

release. Other investigators have confirmed the increased

PRA values in rats with DI (417, 637). In addition, Gross

et a!. (417) found that homozygous Brattleboro rats had

a lower blood pressure, a higher serum sodium concen-

tration, and a higher level of renin substrate in the blood

than did heterozygous Brattbeboro animals, but it is not

known whether these factors may have contributed to

the elevated PRA values observed in the homozygous

rats with DI.

The effects of AVP on renin release also have been

assessed in vitro with rat renal cortical slices (276) and in

the isolated, perfused rat kidney (603, 1 126). DeVito et

a!. (276) found AVP to have no effect on renin release

from rat renal cortical slices in vitro; however, unlike

other researchers (vide supra), they observed that All,

norepinephrmne, and epinephrmne were also without ef-

feet. When Vandongen (1126) infused AVP into the iso-

bated, perfused rat kidney, perfusion pressure rose but

renin secretion remained constant. In contrast, isoproter-

enol decreased renal perfusion pressure and increased

renin secretion by 7-fold, and pretreatment with AVP

prevented both of the effects of isoproterenol. After the

kidney was perfused with a calcium-free medium con-

taming EDTA, AVP did not change perfusion pressure

or renin secretion but stifi suppressed isoproterenol-in-

duced renin secretion. Based on these fmdings, Vandon-

gen (1 126) felt that AVP inhibited stimulated renin se-

cretion by a change in renal hemodynamics that was

dependent on calcium. In other studies, Konrads et a!.

(603) reported a decrease in RBF and urinary volume

with AVP in the isolated, perfused rat kidney, but

DDAVP diminished only urinary volume. Neither pep-
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tide altered the basal rate of renin secretion. In this

system, isoproterenol increased RBF and urinary volume

slightly and caused a 7-fold rise in renin secretion, and

all of these changes were reversed by AVP. An infusion

of DDAVP into kidneys that had previously received

isoproterenob did not affect RBF but did reduce urinary

flow and renin secretion the same amount as did AVP.

Thus, Konrads et al. (603), unlike Vandongen (1126),

believed that the inhibitory action of AVP on renin

secretion was independent of its vasoconstrietor action.

Newsome and Bartter (790) were the first clinicians to

explore the effects of AVP on renin release in humans.

The administration of AVP, combined with an increase

in water intake, reduced PRA by 70%. It is not clear from

these studies, however, whether the reduction in PRA

was due to an increase in extracellular fluid volume, as

indicated by the accompanying increase in body weight

and decrease in serum sodium content, or was due to a

direct effect of AVP in the kidney. In a later study,

Goodwin et a!. (399) gauged the bong-term effects of AVP

on renin release in normal subjects in the presence and

absence of overhychation. In the absence of the expan-

sion of the fluid volume of the body, AVP tended to

decrease PRA in two of six people. In like fashion, PRA

fell in two of three subjects previously given a water load;

however, the changes in PRA were slight and “unim-

pressive.” Incidentally, oxytocin also caused no change

in PRA in the two cases in which it was tested. It was

concluded that AVP had no specific inhibitory action on

renin release in the absence of expansion of the plasma

volume.

In a study of the short-term effects of AVP on renin

release in humans, an infusion of AVP caused a progres-

sive fall in PRA (21). When plasma AVP levels increased

from 1.6 �tU/ml to 9.7 and 14.5 �.cU/nil, PRA was lowered

by 45% and 65%, respectively. Plasma osmobality, plasma

sodium concentration, and MAP were not changed, but

plasma protein concentration and peripheral venous

packed cell volume decreased progressively after the

infusion of AVP. Since the decrease in plasma protein

concentration paralleled the fall in PRA, it was proposed

(21), in agreement with other studies (399), that AVP, in

physiologically relevant concentrations, suppressed the

rate of renin secretion indirectly by increasing plasma

volume at the expense of extracellular fluid volume. In

an almost identical study in cardiac patients maintained

on diuretic drugs, Hesse and Nielsen (478) reported a

40% reduction in PRA during the infusion of AVP; how-

ever, blood pressure, plasma colloid osmotic pressure,

and venous packed cell volume remained constant. Be-

cause no apparent change in plasma volume occurred, it

was concluded that AVP inhibited renin release by a

direct, presumably intrarena!, action. This conclusion

and these results are at variance with those of previous

investigators (399, 582) and may be due to the use of

normal subjects on one hand (399, 582) and diuretic-

treated patients on the other (478). Because AVP is

believed to prevent diuretic-induced renin release in the

rat by a renovaseular effect (637), AVP may suppress

renin release in diuretic-treated patients by an intrarenal

action but bower PRA in normal humans by increasing

plasma volume.

Joppich and Weber (541) found that PRA was reduced

by 67% in infants and children given an infusion of

DDAVP. This suppression of renin release was accom-

panied by a 3-fold increase in sodium excretion and a

45% decrease in urinary volume.

Fichman et a!. (334) have compared the PRA values of

normal subjects given AVP by infusion and those of

patients with the syndrome of inappropriate secretion of

antidiuretic hormone (SIADH). As in the studies cited

above, exogenously administered AVP suppressed PRA

by about 50% when the normal subjects were in the

supine position, and PRA increased only slightly upon

the assumption of upright posture. Similarly, in patients

with SIADH, in which the endogenous levels of AVP are

greatly increased, PRA values were low or undetectable,

with a mean reduction of 70% in the supine position when

compared with normal, supine humans. Upon standing,

PRA rose only slightly in the presence of SIADH, and

five days of salt restriction caused little change in PRA

in these patients. These observations are consistent with

the idea that an elevation in the concentration of AVP in

the plasma results in a decrease in renin release.

Lastly, the relationship between changes in PRA and

plasma AVP levels have been examined after an upright

tilting of 85#{176}(249, 251). After this maneuver, both PRA

and the circulating levels of AVP increased and reached

a plateau at 30 min. Plasma volume fell during this

interval. At the end of this 30-mm period, the concentra-

tion of AVP in the plasma increased further whereas

PRA declined, and Davies et a!. (249, 251) suggested that

the secondary rise in AVP was the cause of the fall in

PRA.

In summary, AVP has been found to suppress the

release of renin in rats, dogs, and humans. Although AVP

has been noted to have variable effects on basal renin

release, it has been shown to inhibit stimulated renin

release consistently whether the stimulus was sodium

depletion, a decrease in renal perfusion pressure, isopro-

terenol, diuretic agents, ureteral occlusion, or anesthesia.

Endogenously synthesized AVP appears to have a similar

effect on PRA since PRA is elevated in rats with hered-

itary diabetes insipidus and suppressed in patients with

the syndrome of inappropriate secretion of AVP. In the

dog, this peptide appears to inhibit renin secretion by a

direct action on the granular JG cells, but in humans, it

is unclear whether this inhibition of renin release is due

to a direct action on the granular JG cells or to the

expansion of the plasma volume. Despite this uncertainty

concerning the mechanism of action of AVP, variations

in the concentration of AVP in the pathologic range, and

most likely in the physiologic range also, are involved in

the control of renin release.
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H. Prostaglandins

In recent years considerable attention has focused on

the robe of renal prostaglandins in the control of renin

release (14, 30). These investigations have involved two

types of experimental approaches: those using prosta-

glandins or prostaglandin precursors and those using

inhibitors of prostaglandin synthesis. The former group

of studies will be discussed in this section.

Vander (1117) was the first investigator to explore the

relationship between prostaglandins and renin release.

He infused PGE1 and PGE2 into the renal arteries of

anesthetized dogs and observed a 3- to 4-fold increase in

urine volume and sodium excretion and a 15% increase

in RBF. In the seven dogs in which renal venous PRA

was determined, the prostaglandin infusions produced an

increase in one dog, a decrease in one dog, and no change

in the remainder of the animals. However, since the data

from all experimental doses of PGE1 and PGE2 were

pooled, it is not clear if the doses of the prostaglandins

that did not alter renin release might also have failed to

alter renal hemodynamics or renal function. A year later,

a similar inconsistent effect was observed when PGE1

was infused i.v. into human subjects: PRA increased in

two patients but did not change in two others (193).

In contrast to these earlier findings, Werning et a!.

(1205) consistently observed a 2- to 3-fold increase in

PRA when a bobus of 25 �g of PGE1 was injected into the

aorta above the origin of the renal arteries in anesthetized

dogs. Systemic blood pressure decreased by 10 to 20 mm

Hg, and heart rate increased by 40 beats/mm. Since,

however, the increase in PRA was accompanied by a

concomitant 2- to 3-fold increase in urine volume, sodium

excretion, and potassium excretion, and since the urinary

losses were not replaced, the authors concluded that the

stimulation of renin release by PGE1 was due to the loss

of salt and water rather than to a direct action of the

hormone on the granular JG cells. However, it is possible

that the increase in renin release resulted from the fall in

blood pressure and/or reflex activation of the sympa-

thetic nervous system. The ability of PGE1 to stimulate

renin release was subsequently confirmed by Riley (935).

Intrarena! infusions of 50 ng/kg/min of PGE1 in anesthe-

tized dogs increased RBF from 170 to 300 ml/min without

altering systemic blood pressure. The excretion of sodium

and chloride increased 6-fold and potassium excretion

increased 3-fold. Despite the fact that these urinary losses

were replaced every 5 mm by an infusion of an equal

amount of normal saline, the rate of renin secretion

increased 3- to 4-fold. The stimulation of renin release

by PGE1 occurred in the absence of volume depletion

thus indicating that another mechanism(s) must have

been involved.

In a series of studies in anesthetized dogs, infusions of

PGE1 or PGE2 into the renal artery increased renin

secretion, RBF, urine volume, and sodium excretion (110,

111, 383, 1256). Unfortunately, urinary losses of salt and

water were not replaced in any of these studies. For

example, Bolger et a!. (111) observed a 2-fold increase in

RBF and a 3-fold increase in both urine volume and

sodium excretion after intrarenal infusions of PGE2.

Renal venous PRA was doubled by the hormone. In a

subsequent study, the same authors (110) observed the

same qualitative effects on renin release and renal func-

tion when PGE2 was infused in one-tenth the dose pre-

viously reported. Although the experimental data were

not presented, the authors also stated that the infusion

of small doses of PGE2 stimulated the release of renin in

dogs with a single nonifitering kidney. This bed them to

conclude that PGE2 elevated renin release either by

means of hemodynamic changes within the kidney or by

a direct action on the granular JG cells (110, 111).

Yun et a!. (1256) also examined the effects of intrarena!

arterial infusions of PGE1 and PGE2 on renin release in

anesthetized dogs. In sodium-depleted dogs, in which the

endogenous production of prostagbandins had been sup-

pressed by pretreatment with indomethacin, infusions of

PGE2 caused a 3- to 4-fold increase in urine volume,

sodium excretion, RBF, and renal venous PRA. Since

PGE2 8.150 caused a slight decrease in MAP, these studies

were repeated in dogs in which the renal perfusion pres-

sure was maintained constant by the use of a suprarenal

aortic clamp. As in the previous series of experiments,

PGE2 lflftiSions caused a 3- to 4-fold increase in urine

volume, RBF, and the rate of renin secretion. Thus, in

agreement with the previous investigators (110, 111),

Yun et a!. (1256) concluded that the stimulation of renin

release by PGE2 must be due to either a direct action of

the hormone on the granular JG cells or changes in renal

hemodynamics that activated the intrarena! barorecep-

tor.

In probably the most revealing study to date, Gerber

et a!. (383) infused PGE2 into the renal arteries of dogs

with a single nonfiltering kidney in which the influences

of the sympathetic nervous system had been ablated by

renal denervation and an infusion of propranolol, a beta-

achenergie blocking drug. In addition, the dogs were

pretreated with indomethacin to eliminate the influence

of endogenous prostaglandins on renin secretion. The

intrarenal infusion of 10 ng/kg/min of PGE2 increased

RBF from 159 to 232 mb/mn and the rate of renin

secretion from 281 to 819 ng of Al per miii while 100 ng/

kg/mm of PGE2 further increased RBF to 314 ml/min

and the rate of renin secretion to 1910 ng of Al per mm.

Systemic blood pressure was not affected. Since these

changes in renin secretion occurred in a setting in which

neither the macula densa nor the sympathetic nervous

system could influence renin release, this study provided

convincing evidence that PGE2 stimulated renin release

by activation of the renal baroreceptor and/or a direct

effect on the granular JG cells. Regarding activation of

the renal baroreceptor, since changes in wall tension or

volume strain are thought to mediate baroreceptor-stim-

ulated renin release (vide supra), the increase in afferent
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artenolar radius resulting from PGE2-induced vasodila-

tation would be expected to increase wall tension and

volume strain (since renal perfusion remained at the

control bevels) and thus decrease, rather than increase,

the release of renin. However, during renal mieropunc-

ture studies in anesthetized dogs, Strandhoy et a!. (1054)

found that PGE1 and PGE2 caused a 3-fold increase in

renal interstitial pressure while peritubular capifiary

pressure increased only slightly. Similarly, Sinclair et a!.

(1017) found that PGE2 infusions significantly increased

renal subcapsular pressure and capsular lymph pressure.

These effects appear to be due to the fact that PGE2

increases RBF and decreases prevenous resistance with-

out altering venous resistance. With these reports in

mind, it may be suggested that PGE stimulates the

release of renin by increasing renal interstitial pressure

and thereby decreasing the transmura! pressure gradient.

In those circumstances in which the decrease in the

transmural pressure gradient is great enough to override

the influences of an increase in afferent arteriolar radius,

as occurs during ureteral occlusion (393), wall tension

would decrease and thereby stimulate the release of

renin. In support of this hypothesis, some investigators

have reported that PGE1 and PGE2 did not stimulate

renin secretion from rat and rabbit renal cortical slices in

vitro (234, 1188, 1189, 1208) and failed to stimulate renin

release in dogs in which interstitial pressure was in-

creased by ureteral occlusion (95). In conclusion, the

release of renin by PGE appears to be due to an indirect

action, most likely related to the renal baroreceptor, but

the exact mechanism cannot be stated with any certainty.

In a series of studies in humans (194, 332, 333, 393, 615,

1276), the effects ofi.v. infusions of PGA1 on renin release

have been studied. It should be mentioned at this point

that PGA1 may not be a naturally occurring compound

but rather an artifact originating from the dehydration

of PGE in vitro (365a). Fichman et a!. (333) found that

PGA1, which caused a 4-fold increase in sodium excretion

but did not alter systemic blood pressure, produced only

modest increments in PRA in six of 10 subjects. Carr

(194) reported a similar absence ofchange in PRA during

the infusion of PGA1 into hypertensive subjects on low

and high sodium intakes. In the batter studies, urinary

fluid bosses were replaced by the oral administration of

water. In contrast, Krakoff et a!. (615) found that PGA1

did not change PRA in subjects on a normal sodium diet

but increased PRA 3-fold in subjects that had been

sodium- and volume-depleted with furosemide. The abil-

ity of PGA1 to elevate PRA in sodium-depleted subjects

did not appear to be related to changes in hemodynamic

parameters or renal function since the fall in blood pres-

sure, the increase in RPF, and the increase in salt and

water excretion caused by PGA1 were more pronounced

in the subjects on the normal sodium diet. Also, the rise

in PRA was most evident in those subjects with the

highest initial PRA values. Gobub et a!. (393) reported

that nonhypotensive doses of PGA1 increased PRA in a

dose-related manner with the highest dose causing a 5-

fold elevation of PRA. Because a similar increment in

PRA was observed after the subjects were volume ex-

panded with saline, these investigators suggested that

PGA1 stimulated renin release by a mechanism that was

independent of its effects on renal function. Zusman et

a!. (1276) studied the relationship between plasma PGA,

PGE, and PGF concentrations and PRA in normal sub-

jects on a bow, ad libitum, and high sodium intake.

Plasma PGA concentrations increased from 1.6 ng/ml on

an ad libitum diet to 2.1 ng/mi during sodium depletion.

Sodium depletion elicited a 5-fold increase in PRA. In

contrast, PGA concentrations decreased to 0.8 ng/ml

when the subjects ingested a high sodium diet that

suppressed PRA by 50%. Plasma PGE and PGF concen-

trations were not changed by alterations in dietary so-

dium. These investigators suggested that there might be

a cause and effect relationship between changes in the

plasma concentration of PGA and renin release in this

situation.

While the mechanism by which PGA1 stimulates renin

release requires further study, the possibility that the

hypotensive effects of the hormone reflex.by activate the

sympathetic nervous system should be considered since

PGA1 failed to increase PRA in a patient receiving the

achenergic blocking drugs propranobol and guanethidine

(1025). Along these lines, Frisina et a!. (363), in anesthe-

tized dogs, found that i.v. PGA1 caused a 3-fold increase

in PRA without altering renal arterial pressure. Propran-

obol pretreatment completely blocked this PGA1-induced

renin release. Parenthetically, it should be mentioned

that two reports have indicated that high concentrations

of PGA1 and PGA2 reduce the velocity of the renin

reaction in vitro (300, 611), but the physiologic signifi-

cance of this observation is unknown.

The effects of PGF2� on renin release have not been

studied extensively. Weber et a!. (1188, 1 189) found that

PGF2a caused a dose-related decrease in renin secretion

from rabbit renal cortical slices in vitro. In these studies,

10_6 M PGF20 inhibited renin secretion by 40% to 50%.

Along these same lines, PRA was found to be suppressed

by 41% in women receiving 50 mg of PGF� intraamniot-

ically for the induction of abortion (1032). In later studies,

Weber et a!. (1190) found that the in vitro activity of

renal PGE2-9-ketoreductase, the enzyme that converts

PGE2 to PGF2a, was increased in rats ingesting a high

salt intake when compared with rats on a bow salt intake.

This increase in enzyme activity resulted in a 5-fold

increase in the urinary excretion of PGF2� relative to

PGE2. Since the high salt intake also suppressed PRA by

86%, the authors advanced the hypothesis that the activ-

ity of PGE2-9-ketoreductase was involved in adjusting

the activity of the renin-angiotensin system during states

of altered salt intake. In contrast, Campbell et a!. (178)

found that alterations in the dietary salt intake of nor-

motensive and hypertensive humans failed to alter the

relative excretory rates of urinary PGE2 and PGF2�. Also,

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


124 KEETON AND CAMPBELL

it should be pointed out that Zusman et a!. (1276) ob-

served no change in the plasma concentrations of PGE

and PGF when renin release was increased or decreased

by altering sodium intake in normal subjects. In addition,

Terragno et a!. (1080), in conscious dogs, found that

changes in renal venous PRA correlated (r = .81) with

changes in renal venous PGE concentration rather than

with renal venous PGF concentration. However, it may

be that only those prostaglandins produced within cer-

thin compartments of the kidney, as opposed to those

found in the circulation, have the potential to affect renin

release. In this respect it is important to recall that

almost all of the PGE2 and PGF20 found in the urine have

their origin in renal tissue.

Although infusions of PGE and PGA have produced

variable changes in renin release, the intrarenal infusion

of arachidonic acid, the fatty acid precursor of the pros-

taglandins, has been shown to cause a consistent increase

in renin release in anesthetized rats, rabbits, and dogs

(109, 246, 634, 1187). When Weber et al. (1187) infused

arachidonic acid into the aorta above the origin of the

renal arteries in anesthetized rats, a 3-fold increase in

PRA was observed. Even after volume expansion with

saline, PRA was doubled by arachidonic acid. Since these

infusions did not affect sodium excretion, urine volume,

or MAP, it appeared that arachidonate-induced renin

release was not mediated by the macula densa or reflex

activation of the renal sympathetic nerves. This conten-

tion was supported by the studies of Bolger et a!. (109),

who examined the effects of intrarenally-infused arachi-

dome acid on renin release in salt-loaded, anesthetized

dogs in which the urinary losses of salt and water were

replaced by an i.v. infusion of saline. Arachidonic acid

caused a 40% increase in RBF and urine volume, a 70%

increase in sodium excretion, and a 5-fold increase in the

rate of renin secretion. Each of these effects was inhibited

by pretreatment with indornethacin, a drug that inhibits

prostaglandin synthetase. More importantly, arachidonic

acid was demonstrated to cause a 3-fold increment in

renal venous PRA when infused intrarenally in anesthe-

tized dogs with a single denervated, nonfiltering kidney

(246). No alteration in renin release was observed when

11,14,17-eieosatrienoic acid, a fatty acid that is not a

substrate for prostaglandin synthetase, was infused into

similarly prepared dogs. While the authors failed to re-

port changes in RBF and MAP, data from their previous

studies (207) indicate that the dose of arachidonic acid

necessary to stimulate the renin release would also in-

crease RBF without altering systemic blood pressure.

Since the increase in renal venous PRA (246) caused by

arachidonic acid was blocked by indomethacin, the au-

thors concluded that one of the prostaglandin metabo-

lites of arachidonic acid elevated the release of renin by

a direct action on the granular JG cells and/or by aeti-

vation of the intrarenal baroreceptor. Although both

mechanisms may increase renin release from the kidney

in situ, it has been reported that arachidonic acid stim-

ulated renin secretion from rabbit renal cortical slices in

vitro. Weber et al. (1188, 1189) and Whorton et a!. (1208)

found a 2- to 3-fold increase in renin secretion with 3 X

10_6 M and 2.5 x i03 M arachidonic acid, respectively.

Inhibition of prostaglandin synthetase with indometha-

cin or 5,8,11,14-eicosatetraynoic acid blocked the increase

in renin release caused by arachidonic acid in these in

vitro studies. These findings favor a direct stimulatory

action on the granular JG cells of a prostaglandin derived

from arachidonic acid.

These studies with arachidonic acid have raised two

important questions. First, since the synthesis of prosta-

glandins from arachidonic acid occurs in the renal me-

dulla, how do the prostaglandins so formed reach the

granular JG cells of the renal cortex? Some investigators

have suggested that prostagbandins are transported from

the medulla to the cortex in the renal tubular fluid (207,

1218), while others have hypothesized a countercurrent

transport of prostaglandins between the renal arcuate

vein and artery analogous to the transport of prostaglan-

dins that occurs between the uterine vein and artery

(709). Subsequently, it was found that the renal cortex

could synthesize a variety of prostaglandins; however,

the capacity of the cortical synthesizing system was

estimated to be one-tenth to one-third of the medulla

(633, 859, 911, 1209, 1270). The renal cortex was found to

synthesize PGF� PGI2, PGE2, PGD2, and thromboxane

A2 from arachidonic acid and the prostaglandin cyclic

endoperoxides, PGG2 and PGH2. Therefore, it appears

that prostaglandins synthesized in both the renal medulla

and the renal cortex have access to the granular JG cells.

Secondly, since arachidonic acid can be metabolized to

a number of prostaglandins, which one of these com-

pounds is responsible for arachidonate-induced renin

release? Weber et a!. (1188, 1189) found that the prosta-

glandin cyclic endoperoxides stimulated renin secretion

from rabbit renal cortical slices in vitro. This cyclic

endoperoxide-induced renin release was not of the same

magnitude as that observed with equimobar concentra-

tions of arachidonic acid and also was inhibited by in-

domethacin. Since the prostagbandins known at that

time, PGE2 and PGF2a, did not stimulate renin release in

vitro, the authors concluded that PGG2 and PGH2 ex-

erted a direct action on the granular JG cells that caused

them to secrete renin. However, in subsequent studies by

Whorton et a!. (1207a), PGE1 and PGE2 significantly

increased renin release from rabbit renal cortical slices in

vitro.

In recent years, however, two additional prostaglan-

dins, PGD2 and PGI2, have been identified as being

formed in the renal cortex from the cyclic endoperoxides

and arachidonie acid (1209, 1270), and their effects on

renin release have been investigated. Bolger et a!. (111)

infused PGD2 intrarenally into anesthetized dogs and

observed a 2-fold increase in RBF and a 2- to 3-fold

increase in renal venous PRA, an increase in PRA similar

to that elicited by PGE2. Interestingly, PGD2 caused no
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change in urine volume or sodium excretion. In a subse-

quent study, the same investigators (1 10) reported a

doubling of renal venous PRA when one-tenth the pre-

viously used dose of PGD2 was tested in the same system.

As before, stimulation of renin release by PGD2 was

associated with an increase in RBF and no change in

sodium excretion. Gerber et a!. (383) observed that intra-

renal arterial infusions of PGD2 stimulated renin secre-

tion in anesthetized dogs with a single, denervated non-

filtering kidney. This 2.5-fold increase in the rate of renin

secretion caused by PGD2 was associated with a 2-fold

increase in RBF. When PGE2, at a concentration equi-

molar to that of PGD2, was tested in the same series of

experiments, it was found that the increment in renin

secretion caused by PGD2 was only 40% of that caused

by PGE2. Both PGD2 and PGE2 increased RBF to the

same extent. From these studies (111, 383), it would

appear that PGD2 stimulates the release of renin either

by a direct action on the granular JG cells or by activation

of the intrarenal baroreceptor. However, it subsequently

was shown that PGD2 does not alter renin secretion from

renal cortical slices in vitro (1207a); therefore, the renin

secretion caused by PGD2 in vivo appears to be mediated

by the renal baroreceptor.

The effects of prostacyclin (PGI2) on renin release also

have been studied (110, 383). Bolger et a!. (1 10) examined

the effects of intrarenal infusions of PGI2 on renin release

in anesthetized dogs. They found that PGI2 produced a

50% increase in RBF and a 2-fold increase in urine

volume and sodium excretion in doses that increased

renal venous PRA by 25%. Gerber et a!. (383) infused

PGI2 intrarenally into anesthetized dogs with a single

denervated nonfiltering kidney, after pretreating the dogs

with indomethacin to remove the influences of endoge-

nousby synthesized prostaglandins, and observed a dose-

rebated increase in renin secretion and RBF. An intra-

renal infusion of 1 ng/kg/min of PGI2 elevated RBF from

121 and 132 mb/mm and increased the rate of renin

secretion from 538 to 744 ng of Al per min. Increasing

the dose at PGI2 to 10 ng/kg/rnin further increased RBF

to 163 mb/mm, and renin secretion rose t’ 1518 ng of Al

per min. Systemic blood pressure was not c1anged. Thus,

when compared with PGE2 and PGD2, PGI2 is the most

potent stimulator of renin release. Using rabbit renal

cortical slices, Whorton et a!. (1208) found that PGI2

caused a dose-related increase in renin secretion in vitro.

In a subsequent study, the same investigators found that

9,11-azoprosta-5,13-denoic acid inhibited the synthesis of

PGI2 by renal cortical slices without altering the synthe-

sis of PGE2 or PGF2� (1207a). Furthermore, this prosta-

cyclin synthetase inhibitor reduced basal and arachidonic

acid-stimulated renin release by 24% and 60%, respec-

tively. Thus, PGI2, like arachidonic acid, appears to stim-

ulate the release of renin by a direct action on the

granular JG cells.

The renal synthesis of prostaglandins may affect the

renin-angiotensin system in another way. The first step

in the synthesis of prostaglandins involves the release, by

a phospholipase, of a fatty acid precursor of prostaglan-

dins and a lysophospholipid (505, 519, 755, 1275). Sen

and co-workers and others (857, 1004, 1026) have identi-

fled a lysophosphobipid released from the kidney which

inhibits renin enzyme, and although the physiologic sig-

nificance of this lipid remains to be determined, it does

raise the interesting possibility that a byproduct of the

reaction involved in the synthesis of renal prostaglandins

may be an intrarenal inhibitor of renin (716).

In summary, PGE1, PGE2, PGA1, PGD2, PGI2, PGG2,

PGH2, and arachidonic acid stimulate the release of renin

whereas PGF20 inhibits renin release. Since the renin

release elicited by PGE2, PGD2, PGI2, and arachidonic

acid is associated with a concomitant elevation of RBF,

but no change in salt or water excretion, it appears that

this increase in renin release may occur via activation of

the intrarenal baroreceptor. Since arachidonie acid and

PGI2 stimulate the release of renin from renal cortical

slices in vitro, these compounds seem to possess an

additional direct effect on the granular JG cells. On the

basis of these findings, and the ability of the prostacyclin

synthetase inhibitor, 9,11-azoprosta-5,13-dienoic acid, to

inhibit arachidonic acid-induced renin release, we feel

that PGI2 is the most likely candidate for the renin-

releasing metabolite of arachidonic acid. However, fur-

ther studies are required. Does renal PGI2 production

correlate with renin release? What are the effects of

thromboxane A2 on renin release in vivo and in vitro? Do

the prostagbandins have direct effects on ion transport at

the macula densa?

I. Serotonin

The effects of serotonin (5-hychoxytryptamine) on

renin release have not been studied extensively. Origi-

nally, an intrarenal arterial infusion of serotonin was

reported to have no effect on renin release in anesthetized

dogs (164), but later Meyer et a!. (731) noted that sero-

tonin elevated PRA in rats. When blood for the deter-

mination of PRC was collected after ether anesthesia, an

i.m. injection of serotonin produced a rapid, 5-fold in-

crease in PRC that had dissipated by 4 hr after the

injection. The renin response to serotonin was completely

blocked by the serotonin receptor antagonist methyser-

gide, which had no effect on PRC by itself. Pretreatment

with propranolob or camphidonium, a ganglionic blocker

that does not enter the brain, attenuated serotonin-in-

duced renin release by 50% and 40%, respectively. Al-

though Meyer et a!. (731) did not measure blood pressure

in their experiments, the latter observation is consistent

with the fact that serotonin causes a long-basting vaso-

depression in conscious rats (232), which would serve to

activate the sympathetic nervous system reflexby. The

portion of serotonin-induced renin release that remained

after propranobol may have been the result of hypoten-

sive activation of the renal baroreceptor or a direct action

of serotonin on the granular JG cells.
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More recently, Ganong et a!. (374b) determined the

effects of two precursors of serotonin, tryptophan and 5-

hychoxytryptophan, on renin release in anesthetized

dogs. The i.v. injection of tryptophan caused a dose-

rebated increase in PRA that was not affected by the

peripheral inhibition of L-aromatic amino acid decarbox-

ybase with carbidopa. The central inhibition of L-aro-

matic amino acid decarboxylase with benserazide blunted

and renal denervation abolished the rise in PRA caused

by tryptophan. It was concluded that the increased con-

version of tryptophan to serotonin in the brain led to the

stimulation of central serotonergic receptors, which in-

creased sympathetic outflow to the kidney. In other

studies, the immediate precursor of serotonin, 5-hydroxy-

tryptophan, caused a modest rise (25%) in PRA that was

potentiated by carbidopa and blocked by benserazide.

Metergoline, a specific serotonin receptor antagonist, also

blocked the ability of 5-hydroxytryptophan to elevate

renin release. These data pointed to a central site of

action of 5-hydroxytryptophan.

The oral administration of tryptophan, which has been

shown to elevate the synthesis of serotonin in the brain

(298), to supine humans resulted in a 90% increase in

PRA in nine of 11 cases (756). The continuous measure-

ment of blood pressure in five of these volunteers did not

reveal any relationship between changes in PRA and

blood pressure. Whereas Meyer et a!. (731) attributed

the rise in PRC after serotonin to a peripheral action of

the compound, the elevation of PRA caused by trypto-

phan was attributed to a central site of action (756).

Lastly, the serotonergic antagonist cyproheptadine sig-

nificantly lessened furosemide-induced renin release in

supine, normotensive humans (308). Because cyprohep-

tadine also has antihistaminic and anticholinergic activ-

ity, and because the exact mechanism by which furose-

mide elicits renin release is not known, the exact signifi-

cance of these data (308) cannot be stated with any

certainty.

In short, the role of serotonin, both peripherally and

centrally, in the control of renin release needs further

clarification.

J. Cyclic Adenosine 3’,5’-monophosphate

Numerous investigators have delineated the role of the

sympathetic nervous system and renal beta-achenergic

receptors in the control of renin release (vide supra).

Since stimulation of beta-achenergic receptors activates

adenyl cyclase in many tissues, and since this activation

leads to an increase in the intracellular concentration of

cyclic adenosine 3’,S’-monophosphate (cyclic AMP)

(942), it is not surprising that the role of cyclic AMP in

renin release has been studied.

The initial studies concerning the effects of cyclic AMP

on renin release involved the infusion of this nucleotide

to determine whether the renin response mimicked beta-

achenergic stimulation of renin release. Tagawa and Van-

der (1070) were among the first investigators to examine

the effects of adenosine compounds on renin release in

vivo. In anesthetized, sodium-depleted dogs, the infusion

of large doses of cyclic AMP (1 to 5 mg/mn) directly

into the renal artery caused a 6% increase in RBF, a 13%

decrease in efferent arteriolar resistance, an 11% decrease

in GFR, a 12% decrease in sodium excretion, and a 5 mm

Hg decrease in MAP. These minor changes were associ-

ated with a marked fall in renal venous PRA in four of

the five dogs studied. Lower doses of cyclic AMP (0.05 to

0.2 mg/mn) failed to alter renal venous PRA and had

essentially no effect on renal hemodynamics and fune-

tion. Qualitatively similar results were observed when

adenosine, adenosine triphosphate, and 5’-adenosine

monophosphate were tested. Since efferent arteriobar

resistance, MAP, and sodium excretion were decreased

by cyclic AMP, the authors were unable to explain the

suppression of renin release by a known mechanism, i.e.

the renal baroreceptor or macula densa, so they proposed

a direct inhibitory effect of adenosine compounds on the

granular JG cells.

In contrast, Winer et a!. (1227) observed a 4.6-fold

increase in renin secretion and a 10% decrease in RBF

when cyclic AMP was infused intrarenally (22 ��cg/kg/

mm) into anesthetized dogs. Sodium excretion, GFR, and

MAP were unchanged. Infusions of equimobar concentra-

tions of adenosine triphosphate, adenosine diphosphate,

and 5’-adenosine monophosphate were without effect on

renin release or renal function. Of interest was the fact

that pretreatment with propranobob or phentobamine

abolished the stimulation of renin secretion by cyclic

AMP, an observation suggesting that these receptor an-

tagonists acted at a site distal to the site of action of

cyclic AMP. The authors (1227) suggested that the dis-

crepancy between their findings and those of Tagawa

and Vander (1070) might have been due to the fact that

the latter group used sodium-depleted dogs in which the

high levels of PRA may have obscured any further incre-

ment in PRA caused by cyclic AMP.

In perhaps the most complete study, Allison et a!. (13)

tested the ability of intrarena! infusions of 5’-adenosine

monophosphate, cyclic AMP, and dibutyryb cyclic AMP

to alter renin release in anesthetized normal and sodium-

depleted dogs. The infusion of 5’-adenosine monophos-

phate lowered PRA in normal dogs without affecting

blood pressure. In normal dogs, cyclic AMP, at doses of

1 and 2.5 mg/mm, did not change PRA. However, in

three sodium-depleted dogs pretreated with theophylline,

cyclic AMP caused a slight increase in PRA when infused

at the higher dose. On the other hand, dibutyryl cyclic

AMP elicited a 2-fold increase in PRA when infused at

2.5 mg/min and increased PRA in three of four dogs

studied with the 1 mg/min dose. A similar rise in PRA

was observed when the higher dose of dibutyryl cyclic

AMP was given to sodium-restricted dogs pretreated

with theophylbine. In the latter case, theophylline ap-

peared to raise basal renin release prior to the adminis-

tration of dibutyryb cyclic AMP. Allison et a!. (13) con-
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eluded that dibutyryb cyclic AMP stimulated the release

of renin by a direct action on the granular JG cells. They

explained the greater effectiveness of dibutyryl cyclic

AMP in stimulating renin release by its higher lipid

sobubility and its greater resistance to degradation by

phosphodiesterases as compared to cyclic AMP.

These findings with dibutyryl cyclic AMP were con-

firmed by Okahara et a!. (828). In anesthetized dogs with

denervated kidneys, an intrarenal infusion of cyclic AMP

increased RBF but failed to change renal venous PRA or

the rate of renin secretion. In contrast, dibutyryl cyclic

AMP caused a 5-fold increase in renal venous PRA and

a 40-fold rise in renin secretion. In the latter experiments,

this stimulation of renin secretion was accompanied by

a 62% increase in RBF and a 3-fold elevation of sodium

excretion. Pretreatment with propranobob or sotalol did

not affect any of the responses to dibutyryb cyclic AMP.

It was concluded that dibutyryl cyclic AMP elicited renin

release by a direct action on the granular JG cells rather

than by changing renal hemodynamics or electrolyte

excretion or by activation of beta-achenergic receptors.

Hauger-Kbevene (452) found that an i.v. infusion of

dibutyryl cyclic AMP into anesthetized rats brought

about a 5-fold increase in PRA. Pretreatment with dex-

amethasone inhibited the dibutyryb cyclic AMP-induced

renin release by 97%, but blood pressure and heart rate

were not measured in these experiments so interpretation

of these results is difficult. A similar 5-fold elevation of

SRA was observed by Campbell et al. (180) when dibu-

tyryb cyclic AMP was infused intraaortically above the

bifurcation of the renal arteries in conscious rats. This

infusion did not alter MAP, but heart rate was increased

by 20%. Interestingly, indomethacin, an inhibitor of pros-

taglandin synthesis, completely blocked the increase in

SRA, but not the increase in heart rate, caused by

dibutyryl cyclic AMP. Thus, we are faced with the in-

triguing possibility that prostaglandins may mediate the

stimulation of renin release caused by cyclic AMP, and,

moreover, that prostaglandins may be the final common

pathway in beta-adrenergicaily-mediated renin release.

The latter possibility is supported by the fact that iso-

proterenob-induced renin rebeas� in humans and rats has

been shown to be blocked by inhibitors of prostaglandin

synthesis (180, 365).

Two conflicting reports (489, 882) have appeared con-

cerrnng the effects of the cyclic nucbeotid�es on renin

release in the isolated, perfused rat kidney. On the one

hand, Peart et a!. (882) failed to observe a change in

renin secretion when cyclic AMP or dibutyryb cyclic

AMP was infused into rat kidneys in vitro. Cyclic gua-

nosine 3’,S’-monophosphate (cyclic GMP) and 8-bromo-

cyclic GMP caused slight increments in renin secretion,

but the effect was highly variable and independent of the

dose employed. In addition, cyclic AMP and cyclic GMP

did not alter renin release or renal perfusion pressure

when infused along with theophylline. The authors felt

that the back of stimulation by the cyclic nucleotides in

their experiments may have been due to the failure of

these hormones to enter the granular JG cells of the

kidney. On the other hand, Hotbauer et a!. (489) reported

that dibutyryb cyclic AMP elicited a dose-related increase

in renin secretion, RBF, GFR, and sodium excretion in

the perfused rat kidney. The nucleotide 8-bromo-cyclic

GMP, in doses equimolar to dibutyryl cyclic AMP, also

caused a dose-rebated rise in RBF, GFR, and sodium

excretion, but this derivative of cyclic GMP produced no

change in renin secretion. Since the elevation of RBF,

GFR, and sodium excretion were comparable with both

compounds, it was concluded that dibutyryl cyclic AMP

stimulated renin secretion by a direct action on the

granular JG cells rather than by an action on the renal

baroreceptor or macula densa. Why these two groups of

investigators should obtain such divergent results is puz-

zling. Methodologic differences might account for these

contradictory observations since Peart et a!. (882) per-

fused the kidney with a Krebs-Ringer-dextran-saline so-

lution at a constant flow rate whereas Hofbauer et a!.

(489) used a Krebs-Henseleit-gelatin-saline solution (con-

taming antidiuretic hormone and neomycin sulfate) per-

fused at a constant pressure.

In 1969, Michebakis et a!. (744) first examined the

effects of cyclic AMP on renin release from isolated

canine renal cortical cells. Cyclic AMP caused a 3-fold

increase in the production of renin, and the stimulatory

effect was dose-related. Since a similar stimulation of

renin production was observed with norepinephrmne and

epinephrine, the authors suggested that cyclic AMP

might function as the intracellular mediator of catechol-

amine-induced renin release. Yamamoto et a!. (1243)

observed a 20% increase in renin release from canine

renal cortical slices with dibutyryl cyclic AMP, but only

a small increase was seen with cyclic AMP. Similarly,

Saruta and Matsuki (982) found that renin release in-

creased by only 9% when cyclic AMP was added to the

incubation medium of rat renal cortical slices. Thus,

although the changes observed were small, in each of

these studies (744, 982, 1243) cyclic AMP did appear to

stimulate the release of renin from renal cortical tissue

in vitro. However, the effects of cyclic AMP and dibutyryl

cyclic AMP on renin release were quite weak as corn-

pared to those of the catecholamines (805, 1197).

Concerning the link between endogenously produced

cyclic AMP and beta-achenergically-mediated renin

release, the studies of Beck et a!. (66, 67) have provided

the greatest insight. They found that epinephrmne in-

creased the cyclic AMP concentration of the renal cortex,

outer medulla, and inner medulla by 3-fold, 4-fold, and

2.5-fold, respectively, and this stimulation was inhibited

by propranobob (67). Furthermore, the administration of

lithium did not alter the basal concentration of cyclic

AMP in the cortex and medulla, but this treatment

completely blocked the increment in renal cyclic AMP

concentration caused by isoproterenol (66). The stimu-

lation of renal cyclic AMP production by parathyroid
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hormone and vasopressin was not affected by pretreat-

ment with lithium. Thus, lithium appeared to block beta-

adrenergicaily-mediated cyclic AMP production in the

kidney selectively. When isoproterenol was infused i.v.

into anesthetized dogs, a 2-fold increase in PRA and a

1.6-fold increase in urinary cyclic AMP occurred (66).

Pretreatment of the animals with lithium increased basal

PRA from 2.5 to 4.4 ng of Al per ml per hr and decreased

the urinary excretion of cyclic AMP by 66%. In these

same dogs, isoproterenol caused a 1.7-fold increase in

PRA and a 1.3-fold increase in urinary cyclic AMP con-

tent. The authors (66, 67) concluded that the increase in

PRA after isoproterenol may not be mediated through

the beta-adrenergic stimulus-dependent cyclic AMP sys-

tem in the kidney. However, no other experimental work

has been presented to support this belief.

A number of researchers have tried to correlate

changes in plasma or urinary cyclic AMP levels with

changes in PRA after alterations in sympathetic nerve

activity. Since the relationship between plasma or uri-

nary cyclic AMP levels and the intracellular concentra-

tion of cyclic AMP in the kidney is not known, studies of

this kind must be interpreted with appropriate caution.

Lowder and co-workers (438, 670, 671) examined the

effects of insulin-induced hypoglycemia on PRA and

urinary and plasma bevels of cyclic AMP. When insulin

was given in a dose that decreased serum glucose levels

by greater than 50%, they observed a 4-fold increase in

PRA (670) and a 5-fold increase in plasma cyclic AMP

concentration (438) in normal subjects. If these people

were pretreated with propranobol, a similar decrement in

serum glucose concentration after insulin did not alter

PRA or the concentration of cyclic AMP in the blood. In

addition, insulin caused a 2-fold rise in PRA in adrenal-

ectomized patients but failed to alter the plasma levels of

cyclic AMP. A similar dissociation between PRA and

plasma cyclic AMP content after insulin was observed in

patients with normal-renin hypertension (671) and pa-

tients with diabetes mellitus (661).

Because the intrarenal action of parathyroid hormone

was known to be responsible for 30% to 50% of the cyclic

AMP found in the urine, Weber et a!. (1184) studied the

effects of sodium restriction on PRA and the urinary

excretion of cyclic AMP in patients with hypoparathy-

roidism. Sodium depletion elevated PRA by 6- to 8-fold

and increased the urinary excretion of cyclic AMP by

30%; furthermore, a positive correlation was noted be-

tween PRA and urinary cyclic AMP. Propranobol blocked

both the increase in PRA and urinary cyclic AMP caused

by sodium depletion. It was concluded that renal beta-

achenergic receptors mediated the increase in renin

release and renal adenylate cyclase activity during so-

dium depletion.

In summary, cyclic AMP and dibutyryb cyclic AMP

appear to elicit renin release in vivo and in vitro by a

direct action on the granular JG cells. Even though this

stimulation of renin release by cyclic AMP is believed to

mimic beta-achenergically-mediated renin release, the

effects of cyclic AMP and dibutyryl cyclic AMP, even in

the presence of phosphodiesterase inhibitors, are quite

weak as compared to those of renal nerve stimulation

and catecholamines.

K. Adenosine

In recent years, a potential robe for endogenous aden-

osine in the control ofrenin release, renal hemodynamics,

and renal electrolyte metabolism has been recognized

(463, 489, 754, 853, 1070). The rate of production of

adenosine in the isolated kidney appears to be quite high

(355), and numerous stimuli have been shown to elicit

further increments in renal adenosine release (355, 754).

In addition to rena! nerve stimulation, norepinephrine,

and All (355), a decrease in renal perfusion pressure (355,

852) and renal hypoxia (355, 754) have been demon-

strated to cause a rapid increase in the release of aden-

osine from the kidneys of rabbits in vitro (355) and the

kidneys of rats, cats, and dogs in vivo (754). The release

of adenosine after renal ischemia has been well docu-

mented (355, 431, 754, 1111), and it has been hypothesized

that adenosine plays an important part in postischemic

and hypoxic vasoconstriction in the kidney. Also, the

enzyme 5’-nucleotidase, which catalyzes the dephospho-

rylation of 5’-adenosine monophosphate to yield adeno-

sine, has been found to be located primarily on the

external membranes of the cells of the proximal tubule

(754). As stated earlier, Tagawa and Vander (1070) found

that an intrarenal arterial infusion of adenosine lowered

renal venous PRA (by 50%), GFR, sodium excretion, and

urinary flow. Renal plasma flow increased slightly. More

recently, an infusion of adenosine into the thoracic aorta

above the kidneys in salt-depleted, anesthetized rats was

shown to decrease renin secretion by 54% (853). Blood

pressure was unchanged, but GFR, RBF, sodium excre-

tion, and urinary flow were depressed. Each of these

changes was reversed within 3 to 5 mm after cessation of

the adenosine infusion. When this same experiment was

repeated in sodium-loaded anesthetized rats, basal renin

secretion was 76% bower than the values measured in the
sodium-depleted rats and was not changed by adenosine.

As before, sodium excretion, urinary volume, and GFR

were decreased, but, paradoxically, RBF increased by

20%. Thus, the sensitivity of the kidney to adenosine

appeared to be increased when basal renin secretion was

elevated. Adenosine was thought to suppress renin secre-

tion by one of several mechanisms (853). First, adenosine

might, by some unknown mechanism, increase the feed-

back inhibition of renin secretion by intrarena! All. This

possibility is supported by the observation that the renal

vasoconstrictor activity of adenosine appears to be di-

rectly related to the level of activity of the renin-angio-

tensin system (851, 853). In addition, All has been shown

to elicit the rapid release of adenosine from the isolated,

perfused rat kidney (355). Secondly, adenosine might

decrease the rate of renin secretion by inhibiting the
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release of norepinephrmne from the renal nerves (853). In

support, Hedqvist and Fredhoim (462) have demon-

strated that adenosine caused a reversible, dose-depen-

dent inhibition of nerve-stimulated norepinephrine

release in the isolated, perfused rabbit kidney. This pre-

junctional inhibition of norepinephrmne release by aden-

osine may represent a physiologically active, negative

feedback system since renal nerve stimulation enhanced

the release ofadenosine from the isolated, perfused rabbit

kidney (355). If this were the mechanism by which aden-

osine inhibited renin secretion, then it would have to be

assumed that renal nerve activity was decreased greatly

in salt-loaded rats (853).

On the other hand, some of the renal effects of aden-

osine would be expected to increase renin release. For

example, since the decrease in urinary sodium excretion

after adenosine appeared to result from the barge de-

crease in GFR (853, 854), the sodium load passing the

macula densa would be decreased, and this decrease

should stimulate renin release. The decrement in GFR

after adenosine was much greater than the decrement in

RBF (853), and the marked fall in GFR appeared to be

due to a 2-fold increase in afferent arteriobar resistance

with essentially no change in efferent arteriobar resistance

(854). These data (853, 854) are in accord with the earlier

findings of Tagawa and Vander (1070), who concluded

that adenosine vasoconstricted the afferent arterioles

and vasodilated the efferent arterioles in anesthetized

dogs. Because a decrease in the afferent arteriobar radius

at a constant renal perfusion pressure would result in a

decrease in circumferential stress, the renal baroreceptor

mechanism controlling renin release should be activated.

Thus, the only actions of adenosine that would be ex-

pected to lower renin release are the inhibition of nor-

epinephrine release from the renal sympathetic nerves or

a direct effect on the granular JG cells.

In summary, adenosine suppresses renin release, and

this action is related to the level of activity of the renin-

angiotensin system. The only renal actions of adenosine

that would account for its ability to inhibit renin release

are the attenuation of the release of norepinephrmne from

the sympathetic neuron or a direct effect on the granular

JG cells. Many different stimuli elicit the production of

adenosine in the kidney, but the robe of endogenous

adenosine in the control of renal hemo- and hychody-

namics and renin release is unknown.

ifi. Pharmacologic Alterations of Renin Release

A. Anesthetics

Because anesthetic agents are used widely in animal

experimentation, it is not surprising that a number of

studies have focused on the effects of anesthetics on the

release of renin. As pointed out in the recent review by

Pettinger (889) and as illustrated in table 1, anesthetic

drugs, when used in doses that produce a surgical plane

of anesthesia, stimulate the release of renin in man and

experimental animals.

The mechanisms by which anesthetic agents release

renin appear to be as diverse as the pharmacologic prop-

erties of the anesthetics themselves. Pentobarbital-in-

duced renin release has received the greatest attention.

When administered i.v. to dogs (106, 353, 387, 537, 831,

1257) or rabbits (1174, 1175) or i.p. to rats (903), pento-

barbital caused a transient decrease in MAP of 5 to 50

mm Hg and an increase in heart rate. However, blood

pressure usually returned to normal within 5 to 10 mm

whereas PRA remains elevated for up to 4 hr. Warren

and Ledingham (1174) found that RBF was decreased by

26% and sodium excretion by 33% 30 mm after pentobar-

bital had been administered to rabbits. At the same time,

cardiac output and blood pressure were depressed by 13%

and 16%, respectively. In hydrated dogs, Blake (106)

observed a decrease in RPF and GFR and an increase in

renal vascular resistance after the i.v. administration of

pentobarbita!, but these parameters returned toward pre-

anesthetic levels during the next 3 hr. Urinary volume

and sodium and potassium excretion also were reduced.

When these studies were repeated in nonhychated dogs,

no consistent or significant changes were observed.

Burger et a!. (170) also found that pentobarbital reduced

RBF by 37% in dogs without changing MAP. Unfortu-

nately, PRA was not measured in these latter two studies.

Based on these observations, pentobarbital may induce

renin release by activation of the renal baroreceptor since

a decrease in afferent arteriolar radius at a constant renal

perfusion pressure would lead to a decrease in circumfer-

ential stress (vide supra). In like fashion, if pentobarbital-

induced anesthesia decreased the sodium load presented

to the macula densa, renin release would be stimulated.

From the available data, it is unclear whether the de-

crease in sodium excretion (106) and the increase in renin

release (353, 537, 1257) occur in parallel or have the same

temporal relationship. It should be mentioned that pen-

tobarbital decreased PRC by 24% in newborn pigs, and

this reduction was associated with a 6-fold increase in

sodium excretion (43).

Ganong (373) examined the effect of beta-achenergic

receptor blockade on pentobarbital-induced renin release

in dogs. Propranobol did not affect the 2.5-fold increase

in PRA elicited by this barbiturate. In like fashion, Yun

et a!. (1257) observed that pentobarbitab increased PRA

by 2-fold in dogs in both the absence and presence of

propranobob. In the same study, pentobarbital increased

PRA by 2.3-fold in dogs pretreated with the prostaglan-

din synthesis inhibitor indomethacin. Therefore, pento-

barbital must stimulate the release of renin through a

mechanism that is independent of the renal sympathetic

nerves and the renal prostaglandins. Along these lines,

the reader should recall that the macuba densa mecha-

nism controlling renin release also operates indepen-

dently of the renal sympathetic nerves and renally pro-

duced prostaglandins.

Tanaka and Pettinger (1077) were the first to study

the effects of ketamine on renin release. Twenty minutes
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TABLE 1

Pentobarbital Rat

The effects of anesthetic agents on renin release*

Change in
Renin Release

Anesthetic Agent Species Dose (Increase in
Surgical Comments Reference

Anesthesia
PRA or PRC)t

Phenobarbital

Ketamine

Urethane

Chioralose

Chioralose

+ urethane

Morphine

Droperidol

Fentanyl

(Innovar)

Ether

25 mg/kg, s.c. 2-fold + Compared with decapitated rats 817

40 mg/kg, s.c. 4.4-fold + Compared with decapitated rats 117

No change - Lightly anesthetized animals that reacted to 117

painful stimuli

35 mg/kg, i.p. 4-fold + Peak effect at 10 mm, remained elevated 4

hr

199

35 mg/kg, i.p. 5.7-fold + Peak effect at 15 mm 643

30 mg/kg, i.p. 4-fold 4 Peak effect at 20 mm 908

30 mg/kg, i.p. 4.5-fold - Normal salt diet 896

30 mg/kg, i.p. 70-fold - Animals treated with DOCA and 0.9% saline

drinking fluid

896

Rabbit 30 mg/kg, iv. No change + Laparotomy after anesthesia increased PRA

3-fold

719,721

Dog 30 mg/kg, i.v. 2-fold + Reduced by propranolol, not blocked by in-

domethacin

1254,1257

30 mg/kg, iv. 2.5-fold + Unaltered by propranolol 373

30 mg/kg, i.v. No change + Normal sodium diet 353

30 mg/kg, iv. 2.4-fold + Low sodium diet, peak effect at 25 mm 353

25 mg/kg, i.v. 5-fold + Peak effect at 25 mm 537

Pig 20 mg/kg, i.v. 24% decrease + Newborn animals 43

Humans 3 X 100 mg 1.3-fold - Studied in only 3 patients 547

Rat 125 mg/kg, i.m. 1.6-fold + Nonsignificant change, measured 1 hr after

ket.amine in rats on a normal sodium diet

751

125 mg/kg, i.m. 5.2-fold + Measured 1 hr after ketamine in rats on a

low sodium diet

748

40-160 mg/kg, 1.6-6.5-fold + Peak effect observed at 20 mm, inhibited 1077

i.p. 92% by propranolol

100 mg/kg, i.p. 3.8-fold + 903

80 mg/kg, i.p. 4-fold

4.5-fold

+

+

Normotensive Wistar rats

SH rat

176

176

Pig 5 mg/kg, i.m. No change + Newborn animals, used in connection with

nitrous oxide:oxygen (4:1)

43

Humans 2 mg/kg, i.v. No change + Premedicated with atropme, PRA measured

at 5 and 15 mm

750

Rat 1250 mg/kg, 8.4-fold + Reached plateau within 15 mis and re- 250

i.p. mamed elevated up to 240 mm

400 mg/kg, i.p. 3-fold + Inhibited 90% by propranolol 903

800 mg/kg, i.p. 21-fold + Reached plateau within 15 mm and re-

mained elevated up to 100 mm, inhibited

45% by propranolol

903

Rat 60 mg/kg, i.p. No change - 903

Rat 50 and 500 mg/ 26-fold + 903

kg, i.p.

Rat 5 mg/kg 4.3-fold + 903

Humans 1 mg/kg 3.5-fold + Premedication with morphine and scopol-

amine prior to nitrous oxide

42

Humans 0.007 and 0.15 1.5-fold + Premedication with atropine 523

mg/kg, i.v.

Rat 50%+ 10-fold + Rats receiving a normal or high sodium

diet

183

? 11-fold + Compared with decapitation 817

? 3-fold + Inhibited 100% by timolol 410

? 1.5-fold + 117

50%+ 18-fold + Reached plateau within 10 mm, remained

elevated up to 60 mm

199

? 4.5-fold + Reached plateau within 1 mm, remained

elevated up to 30 mm

643

130 KEETON AND CAMPBELL

10% 5.8-fold + 903
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TABLE 1-Continued

Change in
Renin ReleaseAnesthetic Agent Species Dose (Increase in Surgical Comments Reference

Anesthesia
PRA or PRC)t

20% 8.2-fold + Reached plateau within 15 mm 903

50%+ 6.1-fold + Inhibited 96% by propranolol 890

50%+ 4.8-fold + Normal salt diet 896

50%+ 8-fold + Animals treated with DOCA and 0.9% sa- 896

line drinking water

Halothane Rat

Rabbit

Pig

Humans

1.26%

1.25%

1%

2%

4%

5%

1%

?

0.5-1.0%

?

No change

2.6-fold

No change

1.6-fold

8-fold

4.8-fold

2.3-fold

No change

3.1-fold

1.5-fold

+

+

-

+

+

+

+

+

+

Normal sodium diet, PRA measured after 1

hr of continuous administration

Low sodium diet, PRA measured after 1 hr

of continuous administration

Measured after 15 mm of administration

Measured after 5 mm of administration

Measured after 5 mm of administration

Administered with nitrous oxide and oxygen

Newborn animals

Administered with thiopental, nitrous oxide,

and oxygen; premedication with atropine,

secobarbital, and meperidine

Not blocked by practolol; premedication

with atropine, thalamonal, and trapanal

Premedication with atropine, meperidine,

and promethazine; PRA increased further

during surgery

751

748

903

903

903

981

43

939

1206

523

Nitrous oxide Rat

Pig

Humans

80%

80%

50%

No change

No change

3.5-fold

-

+

+

Newborn animals

Combined with morphine (1 mg/kg); pre-

medication with scopolamine and mor-

phine

903

43

42

Methoxyflurane Rat 0.5%

2.5%

1.7-fold

2.1-fold

+

+

Measured after 5 mm of exposure to me-

thoxyflurane

Measured after 5 min of exposure to me-

thoxyflurane

903

903

? 1.6-fold - 903

Cyclopropane Rat 20%

50%

1.4-fold

2.2-fold

+

+

Measured after 5 min of exposure to cyclo-

propane

Measured after 5 mm of exposure to cyclo-

propane

903

903

Enflurane Rat 1.75% 1.8-fold + Low sodium diet 748

Fluroxene Rat 4.55% 1.3-fold + Change not significant 751

S In most cases, blood for the determination of control (no anesthesia) PRA and PRC values was drawn from conscious animals or humans via

indwelling catheters. However, in many of the studies with rats, control values for PRA or PRC were obtained from blood collected after the

decapitation of conscious animals. Surgical anesthesia indicates the absence of a response to painful stimuli.

t Abbreviations used are: PRA, plasma renin activity; PRC, plasma renin concentration; DOCA, deoxycorticosterone acetate.
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after the injection of ketamine into rats, SRA was ele-

vated 6-fold. Thereafter, SRA declined and blood pres-

sure and heart rate increased. When the rats were pre-

treated with propranobob, the ketamine-induced increase

in SRA was inhibited by 92%. Propranobol also prevented

the increase in blood pressure and heart rate elicited by

ketamine. The authors concluded that ketamine released

renin through a beta-achenergic mechanism and that All

mediated the tachycardia and hypertension produced by

the drug. In subsequent studies, Miller et a!. (748, 751)

gauged the effects of ketamine on renin release 1 hr after

the induction of anesthesia. In rats ingesting a normal

sodium diet, ketamine caused a 1.6-fold (nonsignificant)

increase in PRA and a 28 mm Hg decrease in MAP.

Basal PRA tripled when rats were placed on a bow sodium

diet, and ketamine further elevated PRA by 5.2-fold and

decreased MAP by 19 mm Hg. Thus, when a stable state

of anesthesia was attained with ketamine, PRA was not

elevated, even though blood pressure was markedly de-

pressed, unless the animals were sodium-depleted. Al-

though ketamine appears to stimulate renin release by a

beta-adrenergic mechanism in the early stages of anes-

thesia, the robe of renal beta-achenergic receptors in

ketamine-stimulated renin release in sodium-depleted

rats during the stable phase of anesthesia is unknown.

Pettinger et a!. (903) noted that urethane increased

SRA by 3-fold and 18-fold after doses of 400 and 800 mg/

kg, respectively. The stimulation of renin release peaked
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132 KEETON AND CAMPBELL

after 10 mm and remained elevated up to 100 mm. Leenen

and deJong (643) also observed a sustained increase in

PRA with urethane. Despite the large increase in PRA,

heart rate and blood pressure were not changed (903).

When the rats were pretreated with propranobol, ure-

thane-induced renin release was inhibited by 88% and

59% at the 400 and 800 mg/kg doses of urethane, respec-

tively. Thus, urethane, like ketamine, also appears to

release renin by activation of the beta-adrenergic recep-

tors on the granular JG cells.

Pettinger et a!. (890) were among the first to examine

the effects of ether anesthesia on renin release. In the

rat, ether stimulated renin release by 6-fold, and pro-

pranobob inhibited this renin release by 96%. Oates and

Stokes (817) subsequently confirmed this finding when

they reported that propranobob prevented the 4-fold rise

in PRC brought about by ether in rats. Graham et a!.

(410) found that ether-induced renin release in rats also

was inhibited by the beta-achenergic antagonist timobol.

In a later study, Pettinger et a!. (903) determined that

ether produced not only a dose-rebated increase in SRA

but also a time-rebated increase in SRA. Thus, as the

duration of anesthesia was increased from 5 mm to 25

mm, SRA was further increased by 4-fold. Other inves-

tigators (199, 643) also have found that ether increased

renin release and that PRA remains elevated for the

duration of the anesthesia. Warren and Ledingham

(1174) found that ether did not affect RBF but did

suppress sodium excretion by 65% in rabbits. Walsh and

Ferrone (1172), in rats, observed a 9% decrease in MAP,

a 47% decrease in total peripheral resistance, and a 7%

decrease in heart rate. Based on these data, it appears

that ether elicits renin release through a beta-adrenergic

mechanism, possibly by the reflex activation of the renal

sympathetic nerves after systemic vasodilatation.

Wernze et a!. (1206) detected a 3-fold increase in PRA

during halothane-induced anesthesia in 21 patients un-

dergoing ear surgery. Practobol, a beta-adrenergic antag-

onist, did not alter the renin response to halothane;

therefore, halothane does not appear to release renin by

activation of the sympathetic nervous system. A compre-

hensive study of the mechanism by which halothane

releases renin is in order. In addition, the mechanisms by

which many other anesthetic drugs, e.g., methoxyflurane,

chboralose, enflurane, droperidol, fentanyb, and morphine

stimulate renin release have not been studied.

Two other points should be considered concerning

anesthesia and renin release. First, several anesthetics,

such as ketamine (751, 1077), pentobarbital (903), and

halothane and fluorexene (751, 981), stimulate renin

release during the induction phase of anesthesia, but in

the later stages of anesthesia, the elevated PRA values

decline to within the normal range. Thus, as pointed out

by Miller et a!. (748, 751) and Pettinger (889), the dura-

tion of anesthesia has marked effects on renin release,

and once the stable anesthetic state is reached, PRA will

no longer be increased. The two exceptions to this gen-

eralization, ether and urethane (199, 643, 903), increase

the release of renin for the duration of the period of

anesthesia.

The second point deals with the ability of anesthetic

drugs to modify the stimulation or inhibition of renin

release elicited by other mechanisms, an event that may

occur in both the inductive and stable phases of anesthe-

sia. Pettinger et a!. (896) studied the effect of anesthesia

on the ability of deoxycorticosterone acetate (DOCA)

and sodium chloride to suppress renin release in the rat

and found that the treatment of conscious rats for 3 days

with DOCA and sodium chloride decreased PRA by 95%.

When the study was repeated with ether anesthesia

before the collection of blood, DOCA and sodium chlo-

ride stifi suppressed PRA by 88% even though ether

increased the control PRA values by 5-fold. However,

DOCA and sodium chloride did not alter PRA in rats

that had been anesthetized with pentobarbitab before

obtaining blood for the determination of PRA. In the

control rats, pentobarbitab increased PRA by 4-fold. In a

subsequent study, Campbell and Pettinger (183) reported

that the administration of sodium chloride to rats in their

drinking water for two days suppressed SRA by 70%. In

a similarly treated group of rats, 4 mm of exposure to

ether before collecting the blood samples increased SRA

by 10-fold in the control animals and masked the sup-

pression of renin release usually caused by the ingestion

of sodium chloride. Thus, these researchers (183, 896)

concluded that the effects of certain anesthetics could

override the inhibitory influence of a high salt intake, in

both the presence and absence of mineralocorticoid, on

renin release.

In addition to masking the suppressant effects of phys-

iobogic stimuli on renin release, anesthesia may enhance

the elevation on remn release caused by other stimuli.

For example, Fray et al. (353) found that pentobarbital

had no effect on PRA after its administration to dogs on

a normal sodium diet. However, when the dogs were

ingesting a bow sodium diet, basal PRA was increased by

4-fold in the conscious state and by 10.5-fold in the

anesthetized state. In like fashion, Miller et a!. (748, 751)

saw no change in PRA after the administration of the

anesthetics habothane, ketamine, and fluroxene to rats

ingesting a normal sodium diet. However, in rats receiv-

ing a low sodium diet, PRA tripled in the absence of

anesthesia, and halothane, enflurane, and ketamine in-

creased PRA by 2.6-fold, 1.8-fold, and 5.2-fold, respec-

tively. To state these data another way, sodium depri-

vation increased PRA 3-fold in conscious rats whereas

PRA was elevated by 7-fold and 9.5-fold in response to

sodium depletion in halothane- and ketamine-anesthe-

tized rats, respectively. Thus, as concluded earlier by

Pettinger and coauthors (183, 896), anesthetic agents

alter the physiologic response of renin release to changes

in sodium intake and visa versa. Oates and Stokes (817)

noted that 3 days of water deprivation caused a 7-fold

increase in PRC in rats and that anesthesia with ether
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CONTROL OF RENIN RELEASE 133

elicited a 4-fold elevation of PRC in animals not deprived

of water. When water-deprived rats were anesthetized

with ether prior to obtaining blood samples, PRC was

still increased 7-fold as compared to water-deprived con-

scious rats. Thus, despite the increase in the basal renin

levels in the ether-anesthetized rats, the increments in

renin release after water deprivation were similar in these

two groups of animals.

McKenzie et a!. (719) found that the induction of

anesthesia with pentobarbital did not affect basal PRA

in rabbits, but did alter the renin response to hemorrhage.

In conscious rabbits, hemorrhage increased PRA 2-fold

whereas an equal degree of hemorrhage increased PRA

4-fold in anesthetized rabbits. Unfortunately, changes in

MAP were not reported for the conscious rabbits after

hemorrhage so a comparison ofthe degree of hypotension

in the conscious and anesthetized animals is not possible.

In similar studies (537) in the dog, nonhypotensive hem-

orrhage in the conscious state increased PRA 2-fold

without significantly changing heart rate, hematocrit, or

the concentration of electrolytes in the plasma. When

the dogs were anesthetized with pentobarbital, PRA rose

5-fold, and a subsequent hemorrhage further increased

PRA by 3-fold. In the anesthetized dogs, hemorrhage did

not change MAP or plasma sodium content, but did

significantly increase heart rate, plasma potassium con-

centration, and the hematocrit. Therefore, although pen-

tobarbitab did not affect the threshold of the renin re-

sponse to hemorrhage, it increased the magnitude of the

renin response and altered the physiologic response to

hemorrhage when compared to the changes seen in the

conscious state.

The effect of anesthesia on the renin release caused by

the angiotensin antagonist saralasin was studied by

Miller et a!. (751). They found that PRA was unchanged

1 hr after the administration of the anesthetics ketamine,

halothane, and fluroxene. In conscious animals, saralasin

caused a 4-fold increase in PRA whereas PRA was in-

creased by 5-fold, 8.5-fold, and 6-fold after giving sara-

lasin to animals anesthetized with ketamine, halothane,

and fluroxene, respectively. After saralasin, MAP de-

creased by 8 mm Hg in the conscious rats and those

anesthetized with ketamine and fluoxene; however, sar-

alasin lowered MAP by 17 mm Hg in halothane-anesthe-

tized rats. Thus, ketamine and fluoxene enhanced the

renin-releasing effects of saralasin without affecting the

vasodepressor action of sarabasin.

Finally, a number of investigators (176, 245, 264, 346,

1005, 1012, 1155) have compared PRA values in normo-

tensive Wistar-Kyoto and spontaneously hypertensive

(SH) rats, but the use of anesthetics prior to blood

sampling appears to have complicated this comparison.

Sen et a!. (1005) reported that after ether anesthesia

PRA was elevated in young SH rats and reduced in older

rats when compared to normotensive Wistar rats. Vin-

cent et a!. (1 155) confirmed this observation in ether-

anesthetized rats. They also noted that ether caused a 2-

to 3-fold increase in PRA and increased the variability in

the PRA values obtained in both normotensive and SH

rats. The effect of ether anesthesia on PRA was deter-

mined only at 10 weeks of age, a time at which PRA in

the conscious state was identical in both groups. DeJong

et a!. (264), in conscious rats, found that PRA was iden-

tical in 5-week-old normotensive and SH rats but was

elevated in SH rats between the ages of 12 and 35 weeks.

In contrast to these findings, Czyzewski and Pettinger

(245) found no difference in the SRA values obtained

from conscious 4-, 8-, 16-, and 40-week-old SH, normo-

tensive Wistar, and normotensive Sprague-Dawbey rats.

Forman and Muirow (346) also reported similar PRA

values in 3- and 6-month-old conscious SH, Wistar, and

Sprague-Dawley rats. In similar studies in conscious rats,

Shiono and Sokabe (1012) reported that the PRA values

were reduced in 5-, 10-, 20-, and 30-week-old SH rats

when compared with normotensive Donryu rats. In the

only comparison of SRA values in young conscious and

anesthetized normotensive Wistar and SH rats, Campbell

(176) found similar SRA values in the two groups when

the blood was obtained from age-matched conscious rats;

however, when the rats were anesthetized with ketamine,

SRA values were 2-fold higher in the SH rats than in the

Wistar control rats. Thus, although this subject requires

further clarification, at present it appears that anesthesia

may elevate renin release more in SH rats than in nor-

motensive rats of the same age. This effect of anesthesia

may explain the disparate results obtained in studies

examining the role of renin in the pathogenesis of this

form of hypertension.

In summary, anesthetics stimulate the release of renin

when used in doses that produce surgical anesthesia.

Each anesthetic agent appears to alter renin release by

a different mechanism, and the chronology of this renin

release is different in each case. Additionally, under

certain circumstances, the presence of anesthesia wifi

affect the secretory response of the juxtagbomerular cells

to physiologic or pathologic stimuli that increase or de-

crease the release of renin.

B. Drugs Affecting the Autonomic Nervous System

1. Alpha-adrenergic receptor agonists. Several fac-

tors have engendered interest in the effects of alpha-

achenergic receptor agonists on renin release. The pop-

ularity of the alpha-achenergic agonists cbonidine and

a!pha-methybdopa as antihypertensive agents and as re-

search tools in cardiovascular studies led researchers to

determine the mechanism by which these agents in-

hibited renin release and the importance ofthis inhibition

in the lowering of blood pressure. In addition, evidence

obtained from studies performed in vivo and in vitro bed

to the idea that alpha-achenergic receptor stimulation in

the kidney suppressed renin release by an action on the

granular JG cells. Lastly, the use of a!pha-achenergic

receptor agonists and antagonists in the treatment of

several pathophysiobogic conditions stressed the impor-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


134 KEETON AND CAMPBELL

tance of knowing how these drugs affected the renin-

angiotensin-aldosterone axis.

A. CLONIDINE. The imidazobine compound cbonidine

exhibits activity at both peripheral and central alpha-

achenergic receptors. For example, the i.v. administration

of cbonidine to anesthetized dogs has been shown to

result in an initial transient increase in blood pressure,

associated with a decrease in heart rate and cardiac

output and a rise in total peripheral resistance, which is

followed by a prolonged period of vasodepression (487).

During this prolonged period of vasodepression, heart

rate and cardiac output remained suppressed whereas

total peripheral resistance returned to the control level.

The initial pressor effect of cbonidine was shown to be

due to a direct effect of cbonidine on vascular alpha-

achenergic receptors (595), but the subsequent fall in

blood pressure was demonstrated to result from an action

of the drug on the vasomotor and cardiac centers of the

brain (596). Thus, cbomdine stifi had a pressor effect in

spinal animals, but no subsequent fall in blood pressure

occurred (595). In like fashion, the central injection of

cbomdine into anesthetized animals caused an immediate

chop in blood pressure and heart rate that was not

preceded by a pressor phase (596). The vasodepression

was related to the diminution of cardiac output since

total peripheral resistance did not decrease relative to

the control value. Cbonidine, in concentrations that had

no direct effect on vascular tone, reversibly reduced

nerve-stimulated norepinephrmne release from sympa-

thetic neurons (74). This action is known to be due to

the activation of prejunctional alpha-adrenergic recep-

tors that are inhibitory to the release of norepinephrine

(78), and has been shown to diminish as the frequency of

stimulation is increased (433). Cbonidine does not cause

sympathetic neuronab blockade so sympathetically me-

diated circulatory reflexes are maintained, albeit at a

lower level of activity (843).

Cbonidine has been reported to decrease renin release

in normotensive (461) and hypertensive (40, 140, 366, 461,

492, 493, 560, 581, 729, 793, 843, 902, 974, 1085, 1180, 1181)

humans, conscious (242) and anesthetized (803, 843, 925-

927) dogs, and conscious (869, 984) and anesthetized (211,

569, 593, 815, 865) rats. On the other hand, treatment

with cbonidine also has been reported to cause no change

or to elevate PRA in anesthetized rats (201, 957), nor-

motensive humans (1229), and hypertensive humans

(278, 366, 560, 793, 1085, 1229), especially in patients with

bow-renin hypertension (366, 1085).

In the first extensive description of the effects of don-

idine on renin release, Onesti et a!. (843) noted that

cbonidine lowered both supine and standing PRA in

hypertensive patients ingesting a bow sodium diet. After

the i.v. administration of cbonidine to anesthetized dogs,

a 50% decrease in renal venous PRA was observed that

did not correlate with any change in MAP, GFR, RBF,

urinary sodium excretion, or renal vascular resistance. In

fact, the suppression of renin release occurred in the

presence of a large decrease in sodium excretion that

should have been a stimulus to renin release, and in the

presence of an early increase and a later decrease in renal

vascular resistance. The introduction of a very small dose

of cbonidine into the cisterna magna also lowered blood

pressure and greatly decreased renal venous PRA. It was

concluded that cbonidine attenuated orthostatic reflexes

in humans, just as it did in monkeys and dogs (229), by

decreasing efferent sympathetic nerve activity (432, 843).

The fall in PRA was thought to be due to the withdrawal

ofsympathetic tone, although the authors did not exclude

the possibility that cbonidine had a direct inhibitory

action on the granular JG cells.

In the ensuing years, clinical investigators have studied

the antihypertensive effect of cbonidine as rebated to the

ability of the drug to alter renin release, catecholamine

secretion, and salt balance. Hokfelt et a!. (492) found that

cbonidine lowered blood pressure and PRA in patients

with essential and renovascular hypertension and pri-

mary aldosteronism but was without effect in patients

with pheochromocytoma. In other studies involving mul-

tiple dose therapy with cbonidine, Fyhrquist et a!. (366)

noted that patients with initial high PRA values ex-

hibited an initial suppression of renin release but PRA

then returned to the control levels. In these patients,

cbomdine elicited a natriuresis during the early stages of

therapy that was followed by sodium retention. In those

patients with bow pretreatment PRA values, cbomdine

first decreased sodium excretion but then brought about

a progressive natriuresis and rise in PRA. Despite the

progressive salt depletion in the latter group of patients,

the elevated renin release was thought to result from

renal vasodilatation. Blood pressure was lowered in both

groups so the hypotensive action of cbomdine was not

related to the suppression of renin release. In a similar

study, patients were classified with regard to their renin

status before the administration of cbonidine, and the

drug was found to suppress PRA from 7.9 to 3 ng of AI/

nil/hr in high-renin hypertension and from 0.8 to 0.5 ng

of Al/nil/hr in bow-renin hypertension (1180). Arterial

pressure fell in both groups. In a careful longitudinal

study over an 8-week period, cbonidine decreased blood

pressure to the same extent in norma!-renin and bow-

renin hypertensive patients (1085). However, although

renin release was suppressed in the former patients, PRA

rose over 6-fold in the latter group of subjects. Sodium

and potassium excretion, plasma renin substrate levels,

and body weight were unchanged in both groups of

patients. Thananopavarn et a!. (1085) proposed the fob-

lowing explanation for these observations. In norma!-

renin hypertension, beta-adrenergic tone predominates

in the kidney, and cbonidine inhibits renin release by the

withdrawal of renal sympathetic tone. Alpha-achenergic

tone, which is inhibitory to renin release, predominates

in the kidneys in bow-renin hypertension, and cbonidine

stimulates renin release either by the centrally mediated

diminution of renal sympathetic nerve activity or by
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acting as an alpha-adrenergic antagonist in the kidney.

In either case, patients with bow-renin hypertension were

presumed to exhibit altered function of their renal alpha-

achenergic receptors.

Other investigators (278) found no change in PRA,

even though blood pressure was lowered, in hypertensive

patients receiving cbonidine for three months. On the

other hand, after 1 week of therapy with cbonidine, the

hypertensive subjects of Niarchos et a!. (793) fell into

two groups. In the first group, MAP, PRA, and aldoster-

one excretion fell in concert, but in the second group,

none of these parameters changed. All of the nonre-

sponders had some degree of renal insufficiency.

Karbberg et a!. (560) reported that the inhibition of

renin release by cbonidine was highly dose-dependent.

That is, 2.25 mg/day of cbonidine for 6 months suppressed

PRA, but PRA was unchanged at larger doses. They also

doubted that the fall in PRA during treatment with small

doses of clonidine was due to the withdrawal of sympa-

thetic nerve traffic since heart rate was not decreased.

Thus, the hypotensive effect of cbonidine does not appear

to be related to the suppression of renin release, and

long-term treatment with cbonidine does not necessarily

result in the continued attenuation of renin release.

Single dose or short-term administration of cbonidine

to hypertensive humans has been shown to produce a

more consistent inhibition ofrenin release (140, 581, 729).

For instance, Brod et a!. (140) saw that a single i.v.

injection of cbomdine lowered PRA, renal venous PRA,

blood pressure, heart rate, stroke volume, cardiac index,

and renal vascular resistance in normotensive and hy-

pertensive subjects. Total peripheral resistance did not

change in normotensive subjects but decreased slightly

in the hypertensive patients. Neither RBF nor GFR were

altered in either group. In agreement with these obser-

vations, Meurer et a!. (729) found PRA to be depressed

by 24% by cbonidine at a time when RBF, GFR, and

sodium excretion were not affected. The centrally acting,

cbonidine-like drug ST-600 produced a hemodynamic

proffle similar to that of cbonidine and decreased PRC

(581).

Because cbonidine appeared to bower PRA, blood pres-

sure, and heart rate by the centrally mediated withdrawal

of sympathetic tone, it was only natural for researchers

to try to relate changes in these parameters to changes

in the metabolism of catecholamines. Hokfelt et a!. (492,

493) found that the inhibition of renin release by cbom-

dine was associated with a large decrement in the urinary

excretion of norepinephrine, epinephrmne, and vanillyb-

mandelic acid. The plasma bevels of catecholamines also

were decreased. The attainment of upright posture still

led to an increase in the plasma concentration of norepi-

nephrmne. In addition, the pressor sensitivity to infused

norepinephrmne and All was elevated during therapy with

cbonidine. Hedeband et a!. (461) examined the effects of

clonidine on insulin-induced renin release in normoten-

sive and hypertensive humans. A good correlation was

found between the increase in PRA and the increase in

the urinary excretion of catecholamines during insulin-

induced hypoglycemia. Cbomdine lowered basal PRA and

the urinary excretion of norepinephrmne and prevented

the elevation of PRA and urinary norepinephrmne content

caused by insulin. A significant elevation of the urinary

concentration of epinephrmne stifi occurred. In one pa-

tient, cbonidine attenuated the ability of infused norepi-

nephrmne and epinephrmne to elicit renin release. There-

fore, cbonidine was believed to bower PRA by a centrally

mediated decrease in the peripheral release of norepi-

nephrmne, but a direct action of the drug at the renal level

could not be excluded. The observation that orthostasis-

induced norepinephrmne release was not accompanied by

a rise in PRA during therapy with cbonidine also supports

the batter hypothesis.

Originally, Onesti et a!. (843) reported that cbomdine

diminished both supine and upright PRA values after

the ingestion of low-sodium diet. However, this has not

been a consistent finding. For example, Baer et a!. (40)

and Weber et a!. (1180) found that cbomdine caused less

suppression ofrenin release in hypertensive patients after

dietary salt restriction. In like fashion, Hokfelt et a!. (493)

observed that salt depletion stifi elevated PRA during

therapy with cbonidine, and Karbberg et a!. (560) recog-

nized that this drug did not block the increase in renin

release elicited by sodium depletion with furosemide.

Finally, the rise in PRA that accompanied treatment

with the diuretic chborthalidone was not affected by

cbomdine but was suppressed by propranobob.

The exact mechanism by which cbonidine suppresses

renin release has been studied extensively in animals, but

researchers have come to different conclusions. Basically,

there are two schools of thought. Reid and co-workers

(803, 804, 925, 926) have presented evidence that indi-

cates that cbonidine suppresses renin release by the cen-

trally mediated withdrawal of renal sympathetic tone.

On the other hand, Pettinger et a!. (242, 894) and other

investigators (211, 1129) believe that cbonidine inhibits

renin release by stimulating intrarenal alpha-adrenergic

receptors, possibly located on the granular JG cells. The

role of intrarenal a!pha-adrenergic receptors in the con-

trol of renin release has been considered previously in

the section on the autonomic nervous system.

In 1975, Reid et a!. (926) measured blood pressure,

heart rate, and PRA in pentobarbital-anesthetized dogs

after the injection of cbonidine into either the cerebra!

ventricles or the peripheral circulation. It should be

pointed out that in all of the studies of Reid et a!. (803,

925, 926), renal arterial pressure was decreased by 30 to

50 mm Hg with a suprarenal aortic clamp during the

control period. Thus renin release in these dogs was

elevated by hypotensive activation of the renal barore-

ceptor prior to the injection of the drug to be tested.

When cbonidine was given centrally, blood pressure and

heart rate decreased, but PRA did not decrease unless

renal perfusion pressure was maintained at the control
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136 KEETON AND CAMPBELL

bevel by means of a suprarenal aortic clamp. Conversely,

i.v. cbonidine, which lowered blood pressure and heart

rate, suppressed renin release whether renal perfusion

pressure was or was not held constant. The necessity of

maintaining renal perfusion pressure constant in order to

demonstrate the renin-suppressing effects of an intra-

cerebroventricular dose of cbonidine was thought to result

from the fact that blood pressure dropped to a greater

extent (-31%) than it did in the animals given cbonidine

i.v. (-17%). Thus, in the former group, the stimulatory

effect of the renal baroreceptor on renin release was

thought to override the central inhibitory effects of don-

idine. Because a good correlation was detected between

the decrease in PRA and the decrease in blood pressure

after the central administration of cbonidine, with renal

perfusion pressure being held constant, the suppression

of renin release by this drug was believed to be due to

the withdrawal of sympathetic tone. In support of this

contention, i.v. cbonidine did not suppress renin release

from previously denervated kidneys but did suppress the

release of renin from the contralateral, innervated kid-

neys. However, since acute renal denervation per se had

caused a 95% decrease in the renal arteriovenous differ-

ence in PRA, it is doubtful that cbonidine would have

caused any further inhibition by any known mechanism.

More solid support for a central site of action of cbonidine

came from the observation that the rate ofrenin secretion

from rat kidney slices in vitro was not depressed by

cbonidine (10� M) (804) at concentrations as high as i03

M (771a, 804).

In later studies, these same investigators (925) reported

that cbonidine prevented the ability of bilateral carotid

occlusion to increase renin release or blood pressure, with

renal perfusion pressure held at the control value. In

addition, other experiments (803) indicated that gangli-

onic blockade with pentolinium abolished the suppres-

sion of PRA by cbonidine in pentobarbitab-anesthetized

dogs. When renal perfusion pressure was held at the

pretreatment bevel, pentolinium lowered PRA by 45%

and decreased blood pressure and heart rate. The sub-

sequent administration of cbonidine resulted in the res-

toration of blood pressure back to the level seen before

pentolinium and a transient stimulation of renin release.

In a similar animal preparation, oxymetazoline, an imi-

dazoline derivative that does not cross the blood-brain

barrier, increased PRA by 2-fold at a time when the

vasoconstrictor properties of the compound had dissi-

pated. In more recent studies, Reid et a!. (927) reported

that the i.v. infusion of a small dose of oxymetazoline

lowered PRA in anesthetized dogs, and this inhibitory

effect was reversed by phentolamine. Based on these

data, the authors (803, 927) again concluded that the

inhibition of renin release by cbonidine resulted from an

action of the drug in the brain rather than the kidney. In

addition, they suggested that the stimulation of renin

release by cbonidine, in the presence of ganglionic block-

ade, and oxymetazoline resulted from the activation of

the renal baroreceptor by renal vasoconstriction. In this

respect, afferent arteriolar vasoconstriction at a constant

renal perfusion pressure would be expected to decrease

the circumferential stress on the arterioles and induce

renin release. This contention is supported by the obser-

vation that oxymetazoline had no effect on renin secre-

tion from rat renal cortical slices in vitro (771a).

It should be pointed out that Crayton et a!. (242)

reported that the intrarenal infusion of small doses of

cbonidine that did not affect MAP or heart rate led to a

47% decrease in PRA in conscious, uninephrectomized

dogs. The same doses of the drug given i.v. were without

effect; therefore, cbonidine was believed to suppress renin

release by an intrarenal mechanism in these conscious

dogs.

In an extensive pharmacologic study in the conscious

rat, Pettinger et a!. (894) presented evidence that mdi-

cated that cbonidine decreased SRA by the stimulation

of intrarenal alpha-adrenergic receptors. After first de-

termining that cbonidine did not affect the renin-angio-

tensinogen reaction in vitro, it was shown that cbonidine

elicited a dose-dependent inhibition of renin release in

normal rats. Cbonidine suppressed SRA by 85% at 10 mm,

when MAP was increased by 14%, and by 65% at 100 mm,
when MAP was decreased by 14%. Kirchertz and Peters

(593) observed a non-dose-dependent inhibition of PRC

in pentobarbital-anesthetized rats that also was indepen-

dent of changes in blood pressure. In addition, cbonidine

blocked beta-adrenergically mediated renin release

whether it was elicited by a vasopressor (ketamine) or

vasodepressor (hychalazine) agent (894).

When basal SRA values were elevated 8-fold in con-

scious rats by severe sodium depletion, cbonidine lowered

SRA by 70% whereas propranobob caused only a 30% fall

in SRA (894). Pals (869) reported that a lesser degree of

suppression of renin release occurred in sodium-depleted

rats; however, the basal PRA values were considerably

higher than those reported by Pettinger et a!. (894). The

inhibitory effect of cbonidine on renin release in sodium-

deprived rats was not prevented by muscarmnic, gangli-

onic, or peripheral sympathetic neuronal blockade (894).

Ganglionic blockade with chlorisondamine greatly poten-

tiated the immediate pressor effects of cbonidine in con-

scious rats, but SRA was still suppressed by 90% at a

time when blood pressure had stabilized at the level seen

before treatment with chlorisondamine. The alpha-ad-

renergic antagonist phentolamime blocked the decrease

in SRA caused by cbonidine in sodium-depleted ganglion-

blocked rats. Alpha-adrenergic blockade with phentob-

amine, phenoxybenzamine, and cbozapine blocked the

inhibitory effect of cbonidine on renin release in both salt-

depleted and normal rats. Finally, after sodium depletion,

cbonidine caused a significantly greater suppression of

renin release, in either the presence or absence of gangli-

onic blockade, than did an equipressor dose of methoxa-
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mme. These data, combined with hemodynamic corre-

bates, suggested that cbonidine inhibited renin release by

activation of an intrarenal alpha-adrenergic receptor.

Chevillard et a!. (211) reached the same conclusion

when they assessed the effects of intracisterna! and i.v.

injections of cbonidine and naphazoline, another alpha-

sympathomimetic agent of the imidazoline series, on

renin release in pentobarbitab-anesthetized rats. The cen-

tral administration of cbonidine lowered MAP and in-

creased PRC by 57% whereas naphazoline was without

effect. After peripheral administration, cbonidine still

lowered MAP and heart rate, but now caused an inhibi-

tion of renin release. Naphazoline, given in an i.v. dose

that did not affect blood pressure, also suppressed renin

release. Thus, despite its inability to activate the cen-

trally located alpha-adrenergic receptors involved in the

modulation of sympathetic outflow, naphazoline sup-

pressed PRC when given peripherally. Chevifiard et a!.

suggested that the rise in PRC seen after intracisternally

administered cbonidine resulted from the fact that the

stimulatory effect of the renal baroreceptor on renin

release outweighed the inhibitory effect of decreased

sympathetic nerve discharge. This situation is compa-

rable to that seen by Reid et a!. (926) after the central

administration of cbonidine to anesthetized dogs. On the

other hand, cbonidine lowered MAP to a greater degree

when given peripherally to anesthetized rats, but in this

case renal baroreceptor stimulation of renin release was

prevented by an intrarenal action of cbonidine (211).

When these same studies were performed with rats anes-

thetized with urethane, clonidine elevated PRC when

given peripherally and had no effect when given centrally

(210). Naphazoline was ineffective by either route of

injection. These disparate results, which apparently de-

pend on the type of anesthetic agent employed, empha-

size the necessity of using conscious animals in experi-

ments of this type.

Further support for a peripheral site of action of don-

idine comes from the observation that this drug, in a

dose that did not alter renal perfusion pressure, sup-

pressed basal renin release by 62% in the isolated per-

fused rat kidney (1129). This dose of cbonidine did not

impair the ability of isoproterenol to elicit renin release;

however, a larger dose, which increased renal perfusion

pressure and inhibited basal renin release, did blunt the

effects of the beta-adrenergic agonist.

It is interesting to note that guanfacine, a centrally

acting antihypertensive agent with pharmacologic prop-

erties similar to those of cbonidine (968), caused a greater

degree of suppression of renin release in anesthetized rats

than did an equihypotensive dose of cbonidine (815).

To summarize briefly, evidence has been presented to

support both the central and intrarenal theories regard-

ing the mode of action of cbonidine, but the use of

anesthetized animals and possibly species differences

have confounded the efforts of researchers to come to an

agreement. The subject is in need of more intensive

study.

B. METHYLDOPA. It has been 20 years since Oates et

a!. (819) first described the antihypertensive properties

of methybdopa, and in the ensuing years, this drug has

been demonstrated to bower arterial pressure by an action

in the central nervous system. Methyldopa is taken up

by noradrenergic nerves in the central nervous system

and converted enzymatically to methylnorepinephrine,

which then bowers blood pressure by stimulating central

alpha-adrenergic receptors (258, 336, 471). Some clinical

investigators have noted a correlation between the anti-

hypertensive effects of alpha-methyldopa and a reduc-

tion in total peripheral resistance (842, 980) whereas

other clinicians have reported the decrement in blood

pressure to be associated with a fall in cardiac output

and no change in total peripheral resistance (677, 1224).

As with cbonidine, treatment with methyldopa leads to a

decrease in renal vascular resistance in both the supine

and tilted position (760), and the decrement in renal

vascular resistance is associated with either no change or

an increase in RBF (979). Heart rate, in either the supine

or upright position, is not altered by methybdopa (651).

In 1969, Mohammed et a!. (759) reported that treat-

ment with methybdopa decreased both supine and up-

right PRA values in one hypertensive and four normo-

tensive humans. Other researchers have noted that meth-

ybdopa lowered PRA in hypertensive patients (380, 517,

651, 773, 910, 1194), but this is not a universal observation

(672, 969, 1194). For instance, Weidmann et a!. (1194)

found that methybdopa lowered PRA and blood pressure

only in those patients with moderate to severe normal-

renin hypertension or hypertension associated with renal

failure. The decrement in PRA was felt to be due to a

diminution of renal nerve activity. In normotensive sub-

jects, methybdopa did not alter orthostasis-induced renin

release and actually amplified the rise in PRA caused by

furosemide. Lowder and Liddle (672) also noted that

methyldopa did not affect the renin response to furose-

mide and orthostasis. Gavras et a!. (380) detected a

correlation between the suppression of renin release and

the hypotensive response to this agent in high- and

normal-renin hypertension. Plasma renin activity fell by

41% and 15% in these two groups, respectively. However,

a comparable vasodepression was seen in patients with

bow-renin hypertension despite the fact that PRA was

unchanged. Finally, Leonetti et a!. (651) saw that 1 week

of treatment lowered PRA by 50% in patients with low-

and normal-renin hypertension but did not attenuate the

rise in PRA precipitated by the assumption of upright

posture. Propranobol was more efficacious in suppressing

upright PRA values than was methyldopa (651), but in

another study (910) the drugs had an equal effect on

PRA.

Several researchers (348, 436, 919) have investigated

the mechanism by which methyldopa inhibits renin
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release in anesthetized dogs. Privitera and Mohammed

(919) first established that a week of treatment with

methybdopa lowered PRA by 44% in conscious dogs and

then tested the renin response to renal nerve stimulation

in these animals. Even though stimulation of the renal

nerves decreased RBF to the same extent in control and

treated dogs, the usual rise in renin release caused by

increasing nerve activity was not seen in the drug-treated

animals. The i.v. infusion of norepinephrine and meth-

ylnorepinephrine, with renal perfusion pressure held con-

stant, revealed that norepinephrine was three to four

times more potent in eliciting ienin release than was

alpha-methylnorepinephrmne. Moreover, methylnorepi-

nephrmne was bess potent than norepinephrmne in inducing

renal vasoconstriction. Based on these data, it was hy-

pothesized that methybdopa lowered renin release by

replacing the norepinephrmne in the renal nerves with the

less potent neurotransmitter methybnorepinephrmne. Hal-

ushka and Keiser (436) then demonstrated that the renal

nerves were indeed necessary for methyldopa to suppress

PRA in the anesthetized dog; however, they could not

distinguish between a central or peripheral action of

methyldopa. The suppression of PRA was more pro-

longed after the i.v. infusion of methyldopa whereas the

hypotensive response was of greater duration after the

infusion of the drug into the vertebral artery. The maid-

ma! suppression of PRA was greater than 60% by both

routes of administration. The fall in MAP was not related

to the fall in PRA since acute renal denervation, which

prevented the suppression of PRA by methybdopa, ad-

tually prolonged the hypotensive response to methyl-

dopa.

In more recent studies, Frankeb et a!. (348) gauged the
ability of methybdopa to bower PRA in the presence and

absence of carbidopa, a compound that inhibits L-aro-

matic amino acid decarboxylase but does not enter the

central nervous system. Renal perfusion pressure, which

was lowered by 30 to 50 mm Hg with a suprarenal aortic

clamp during the control period, was held constant in all

of the experiments. Intravenous methybdopa lowered

PRA by 47% and decreased blood pressure, but pretreat-

ment with carbidopa attenuated the hypotensive re-

sponse and completely prevented the fall in PRA caused

by methyldopa. When carbidopa was administered den-

trally and methyldopa was given peripherally, PRA de-

creased by 45%. Blood pressure also decreased. Further-

more, the intracerebroventricular injection of alpha-

methyldopa or methylnorepinephrine lowered MAP but

did not change PRA. Therefore, the suppression of renin

release by methybdopa appeared to be due to a peripheral

action of the drug.

In the only relevant study of methyldopa in conscious

dogs, Sweet et a!. (1068) found that 3 days of treatment

with methybdopa lowered PRA by 43% in renal hyperten-

sive dogs and caused a 56% decrease in PRA when renin

release had been elevated 6-fold by chronic therapy with

hydrochlorothiazide. Methybdopa also suppressed PRA

in normal and water-loaded anesthetized rats (865).

Several questions remain unanswered concerning the

suppression ofrenin release by methyldopa. For example,

the coadministration of carbidopa and methyldopa to

humans did not alter the decrease in blood pressure

caused by the batter compound (578), but it is not known

whether carbidopa altered the ability of methybdopa to

lower PRA in humans. The effects of methyldopa and

methybnorepinephrmne on renin release from rat renal

cortical slices in vitro are not known.

C. L-DOPA. Although L-dopa per se is not an alpha-

achenergic agonist, it is converted to norepinephrmne in

the achenergic neuron. This compound is used most

frequently in the treatment of Parkinson’s disease, and

several researchers have measured PRA during bong-

term therapy with L-dopa (55, 56, 564, 747, 1062). Barbeau

(55, 56) found the PRA values of patients with Parkin-

son’s disease to be much bower than the values encoun-

tered in normal volunteers, and continued therapy with

L-dopa suppressed PRA to undetectable bevels. In an-

other group of Parkinsonian patients, the renin response

to orthostasis and salt restriction was normal, but L-dopa

did not alter the rise in PRA caused by either stimulus

(1062). Other investigators have noted that the normal

orthostatic rise in PRA was not altered by prolonged

treatment of Parkinsonian patients with L-dopa (564,

747). A single oral dose of L-dopa elicited an increase in

RPF and GFR as well as natriuresis and a kaluresis (337),

but only a mild natriuretic effect was noted during mul-

tipbe dose therapy (564). Despite the continued loss of

sodium, PRA did not increase in these patients (564).

Blair et a!. (102) found that a single dose of L-dopa

elevated PRA and MAP when given to anesthetized dogs,

but the coadministration of carbidopa, to inhibit periph-

eral L-aromatic amino acid decarboxylase, reversed these

effects such that PRA and MAP decreased. Renal per-

fusion pressure, which was lowered by 30 to 50 mm Hg

during the control period by a suprarena! aortic clamp,

was maintained at a constant level throughout these

studies. In animals with acutely denervated kidneys, L-

dopa with carbidopa lowered MAP but had no consistent

effect on PRA. Thus, in the absence of carbidopa, cate-

cholamines formed from L-dopa in the peripheral circu-

lation increased PRA and MAP, but in the presence of

carbidopa, catecholamines formed from L-dopa in the

brain caused a decrease in the activity of the renal

sympathetic nerves beading to a decrease in PRA and

MAP. The latter conclusion is consistent with the obser-

vations that: 1) L-dopa given directly into the brain

bowers MAP (62); 2) this central depressor effect of L-

dopa (62) is not blocked by vagotomy and therefore is

due to a decrease in sympathetic tone (22); and 3) this

central depressor effect is accompanied by a decrease in

splanchnic nerve activity (1176). In later studies, Blair et

a!. (102a) reported that the suppression of renin release
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by L-dopa plus carbidopa was not due to an increase in

the release of AVP. In addition, the rise in PRA was

partially impaired by pretreatment with either propran-

obob or phenoxybenzamine but was completely inhibited

when both adrenergic receptor antagonists were given

prior to L-dopa plus carbidopa.

Considering these findings of Blair et a!. (102), it would

be of interest to evaluate the effects of L-dopa on PRA in

Parkinsonian patients receiving L-dopa in the presence

and absence of carbidopa.

D. PHENYLEPHRINE. Phenylephrine was found to block

the rise in PRA caused when isoproterenob was given to

anesthetized rats with filtering (732) or nonfiltering (735)

kidneys. Isoproterenob was thought to elevate PRA in

these anesthetized animals by activation of the carotid

baroreceptor, and phenylephrine was thought to inhibit

renin release either by preventing the vasodilation or by

antagonizing the direct effect of isoproterenol on the

granular JG cells (732, 735). After bilateral adrenalec-

tomy, PRC increased 5.7-fold and basal MAP decreased

(112). A small dose of phenylephrmne that did not affect

RPF or GFR suppressed PRC by 42% and 50% in normal

and adrenalectomized rats, respectively. Phenylephrine

increased MAP in both groups but had less of a pressor

effect in achenalectomized animals. Achenalectomy also

elevated PRC in animals with a single nonfiltering kid-

ney, an effect also inhibited by phenybephrine. Boll et a!.

(112) suggested that phenylephrine lowered PRC 1) by

antagonizing the vasodepression caused by adrenalec-

tomy, 2) by constricting the afferent gbomerular arteri-

oles, or 3) by a direct effect on the granular JG cells.

As mentioned in the section concerning the control of

renin release by the renal baroreceptor, Fray (350) found

that phenylephrmne increased renin release from the iso-

bated perfused rat kidney if renal perfusion pressure was

held at the control value (110 mm Hg). However, if renal

perfusate flow was held constant and renal perfusion

pressure was allowed to rise (200 mm Hg) as a result of

the vasoconstrictor properties of phenylephrine, then

renin release was suppressed. These observations are

consistent with the belief that a decrease in afferent

arteriolar radius at a constant renal perfusion pressure

beads to a decrease in circumferential stress and thereby

activation of the renal baroreceptor controlling renin

release. Strang et a!. (1055) found that phenylephrine, in

nonvasoconstrictor or vasoconstrictor doses, did not af-

feet renin release from the isolated perfused rat kidney.

Phenylephrmne had no effect on renin secretion from rat

renal cortical slices in vitro (771a).

In normal subjects, an infusion of phenybephrine de-

creased RPF, GFR, and sodium excretion and caused a

nonsignificant rise in PRA (730). The addition of phen-

tobamine to the infusate resulted in a further, though

nonsignificant, elevation of PRA and partially reversed

the renal hemodynamic effects of phenylephrmne. On the

other hand, Hsu et a!. (504) found a 33% decrease in PRA

in normal subjects given phenylephrine. Blood pressure

increased and heart rate decreased. Levy et a!. (653)

reported that a dose of phenylephrine, which elevated

MAP by 40% and lowered heart rate by 45%, suppressed

PRA by 35% in normotensive humans on a normal or bow

salt diet. Conversely, the same dose of phenylephrine

raised MAP by 25% and lowered the pulse rate by 40% in

hypertensive patients, but failed to alter PRA on either

diet.

Thus, the genera! trend is that phenylephrine sup-

presses renin release in vivo, but it is not known whether

this inhibition results from systemic or renal hemody-

namic changes.

E. METHOXAMINE AND METARAMINOL. In 1968, Mae-

bashi et a!. (687) discovered that methoxamine rapidly

increased PRA by 3-fold and slowly increased blood

pressure in anesthetized dogs. Metaraminol, a directly

and indirectly acting a!pha-adrenergic agonist, rapidly

raised arterial pressure but had no effect on renin release.

Methoxamine was thought to stimulate PRA by con-

stricting the afferent gbomerubar arterioles. Later, Leenen

et a!. (1125) found that both methoxamine and isoproter-

enol elevated PRA in supine normotensive humans de-

spite the fact that the two drugs had exactly opposite

hemodynamic effects. A small dose of methoxamine,

which had no effect on blood pressure or heart rate,

elevated PRA by 70%, and a larger dose, which raised

blood pressure by 14% and decreased heart rate by 22%,

caused PRA to rise 2.3-fold. The stimubatory effects of

both methoxamine and isoproterenol on renin release

were blocked by pretreatment with propranobol. Despite

the latter observation, methoxamine was believed to

elicit renin release by constricting the afferent arterioles.

Subsequently, methoxa.mine has been demonstrated to

inhibit renin release by 43% in conscious sodium-depleted

rats (894). In the same experiment, cbonidine lowered

SRA by 84%. After pretreatment of conscious, sodium-

depleted animals with chborisondamine, which lowered

MAP by 37%, the vasoconstrictor effects of methoxamine

and cbonidine were potentiated, and equipressor doses of

methoxamine and cbonidine decreased SRA by 54% and

75%, respectively. Pettinger et a!. (894) believed that

methoxamine inhibited renin release by its systemic pres-

sor effects and/or a direct effect on inhibitory alpha-

adrenergic receptors located on the granular JG cells. As

mentioned previously, the ability of cbonidine to inhibit

renin release was independent of the hemodynamic ef-

fects of the drug. The observation that methoxamine

inhibited renin release to a lesser extent than cbonidine

was thought to result from the fact that cbonidine pos-

sessed a greater “specificity” for the alpha-adrenergic

receptors on the granular JG cells that are inhibitory to

renin release.

In studies performed with the isolated perfused rat

kidney, methoxamine did not affect renin release, but the

renin release seen with methoxamine plus saline was less
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than that seen with saline alone (1 125, 1 133). Methoxa-

mine also blunted by 77% the stimulation of renin release

caused by isoproterenob, but this inhibitory effect was

accompanied by a rise in renal perfusion pressure. Like

phenylephrine, methoxamine has been reported to ele-

vate renin release from the isolated perfused rat kidney

if renal perfusion was not allowed to increase from the

control level (350). Thus, intrarenal alpha-adrenergic

stimulation with methoxamine appeared to inhibit renin

release, but the actual site of action, i.e. the vasculature

or the granular JG cells, was not ascertained.

It is possible that methoxamine could mildly stimulate

renin release at very low doses and inhibit at higher

doses, a pattern previously reported for epinephrine in

the rat (890). Findings with methoxamine in an in vitro

system are consistent with this speculation. Methoxa-

mine (10_6 M) has been shown to induce renin release

from rat renal cortical slices, and this effect was blocked

by propranobol but not by phentobamine (1197). More-

over, methoxamine blocked the stimulation caused by

isoproterenob in this system. When methoxamine and

phenoxybenzamine were infused together into isolated

perfused rat kidneys, renin release was not altered sig-

nificantly (1133). Thus, methoxamine appears to be abbe

to act as a partial agonist at the beta-adrenergic receptor

controlling renin release (1 125, 1 133, 1 197). Therefore,

like any partial agonist, methoxamine will stimulate renin

release in the absence of a full agonist and inhibit renin

release in the presence of a full agonist. However, even

though methoxamine inhibited renin release in vitro in

the presence of the full agonist isoproterenol, methoxa-

mine does not appear to inhibit renin release by beta-

achenergic receptor blockade. For example, larger doses

of methoxamine (i0� to i03 M) have been shown to

inhibit renin release from rat renal cortical slices in vitro

(771a). This suppression was reversed by phentobamine.

In cases in which methoxamine inhibits renin release in

vivo (894), this inhibition may be the result of hemody-

namic alterations or direct stimulation of alpha-achener-

gic receptors located on the granular JG cells. Further

studies are required to determine how methoxamine

suppresses renin release in vivo.

F. TYRAMINE. Although tyramine has little direct sym-

pathomimetic activity, it does elicit the release of endog-

enous norepinephrine from noradrenergic neurons. In an

early report, Bunag et a!. (164) discovered that the ad-

ministration of tyramine to anesthetized dogs increased

renin release. In rat renal cortical slices in vitro, tyra.mine

alone or in combination with pheniprazine, an inhibitor

of monoamine oxidase, did not affect renin secretion (24).

However, the addition of the phosphodiesterase inhibitor

theophylline to tyramine and pheniprazine resulted in a

stimulation of renin secretion that was blocked by pro-

pranobol but not phentobamine. Theophylline alone failed

to alter renin secretion. A high concentration of tyramine

did not change the stimulation of renin secretion caused

by norepinephrmne and therefore had no direct toxic

effect on the granular JG cells. In addition, the blockade

of neuronal amine uptake with cocaine prevented the

stimulation of renin secretion by the tyramine-phenipra-

zine-theophylline combination. Because cocaine alone

did not alter renin secretion, the latter observation mdi-

cated that tyramine elicited renin secretion by releasing

norepinephrmne in the region of the granular JG cells.

In conscious rats, in which renin release was previously

stimulated with an infusion of isoproterenol, a small dose

of tyramine brought about a further increment in PRC,

and larger doses, which did not alter the hypotension

caused by isoproterenob, inhibited isoproterenol-induced

renin release in a dose-dependent fashion (733). Increas-

ing the dose of isoproterenob overcame the inhibitory

effect of tyramine. Phenoxybenzamine potentiated the

renin release caused by isoproterenol and prevented the

fall in PRC caused by tyramine. Because renal denerva-

tion or treatment with reserpine also abolished the inhi-

bory effect of tyramine on isoproterenol-elicited renin

release, Meyer and Hermann (733) suggested that tyra-

mme released intrarena! norepinephrine, which sup-

pressed renin release by the activation of inhibitory

alpha-adrenergic receptors in the kidney. Furthermore,

the smallest dose of tyramine was believed to have re-

leased an amount of norepinephrmne that, although too

small to activate alpha-achenergic receptors, was suffi-

cient to activate stimulatory beta-adrenergic receptors.

This suggestion is consonant with the greater potency of

norepinephrine at postjunctional beta-adrenergic recep-

tors as compared to postjunctional alpha-adrenergic re-

ceptors (9). Thus, the effect of tyramine on renin release

appears to be a function of the amount of norepinephrine

released by a particular dose of this agent.

In summary, a!pha-adrenergic agonists tend to sup-

press renin release, but the exact mechanism(s) involved

in this inhibition has not been identified clearly. The

suppression of renin release by cbonidine appears to be

independent of the hemodynamic effects of this drug.

Some researchers believe that cbonidine bowers renin

release by the centrally mediated withdrawal of renal

sympathetic nerve activity whereas others maintain that

cbomdine has a direct inhibitory effect on the secretory

function of the granular JG cells. The renal nerves also

appear to play an important robe in the inhibition of

renin release by methyldopa, but in this case a peripheral

site of action is indicated. L-Dopa has been shown to

decrease PRA in Parkinsonian patients, and studies with

animals have suggested that this effect results from the

central conversion of L-dopa to norepinephrmne, which

causes a decrease in the bevel of activity of the renal

sympathetic nerves. The alpha-adrenergic agonists phen-

ybephrmne and methoxamine also inhibit the release of

renin under most circumstances, but it is not known

whether this inhibition results from systemic or renal

hemodynamic changes or a direct effect on the granular
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JG cells. The effect of the indirectly acting agonist tyra-

mine on renin release is highly dose-dependent. The

small amount of norepinephrine released by a small dose

of tyramine stimulates renin release, but larger doses of

tyramine cause the release of quantities of norepineph-

rime sufficient to stimulate alpha-adrenergic receptors in

the kidney that inhibit renin release.

2. Alpha-adrenergic antagonists. Although alpha-ad-

renergic antagonists are not used widely in the treatment

of disease, they are important tools in pharmacologic and

physiologic research. Because these drugs are especially

useful in cardiovascular studies, it is important to under-

stand how these agents affect renin release.

A. PHENOXYBENZAMINE. The noncompetitive alpha-

adrenergic receptor blocking agent phenoxybenzamine,

when administered systemically, has been reported to

increase PRA in anesthetized (12, 866) and conscious

(736, 894) rats, anesthetized dogs (372, 373, 667, 929), and

hypertensive patients with bow initial PRA values (1150).

Other investigators found no change in PRA after giving

phenoxybenzamine to anesthetized dogs (4, 31, 875) or

hypertensive humans (745), and an actual decrease in

PRA was noted in hypertensive patients with high initial

PRA bevels (1150) or pheochromocytoma (1151).

In 1970, Alexandre et a!. (12) discovered that phenoxy-

benzamine elevated PRA by 2.4-fold in anesthetized rats,

and they suggested that this drug stimulated renin

release by: 1) decreasing renal perfusion pressure; 2)

decreasing the sodium load at the macula densa; and/or

3) directly activating beta-adrenergic receptors on the

granular JG cells. In the ensuing years, the administra-

tion of phenoxybenzamine to experimental animals was

found to potentiate the increase in renin release caused

by physostigmine (12), insulin-induced hypoglycemia

(29), stimulation of the renal nerves (372), and the infu-

sion ofepinephrmne (29, 1078), norepinephrmne (1078), and

isoproterenob (736, 1078). The fact that the renin release

brought about by each of these stimuli was blocked by

propranobol strengthened the idea that phenoxybenz-

amine-induced renin release involved the activation of

intrarenal beta-adrenergic receptors. Loeffler et a!. (667)

noted that phenoxybenzamine caused PRA to triple as it

lowered arterial pressure by 30% in anesthetized dogs.

Pretreatment with propranobol did not alter the fall in

blood pressure but did block the rise in PRA. As a result,

it was concluded that the decrement in blood pressure

caused by peripheral a!pha-adrenergic receptor blockade

triggered a reflexly mediated increase in the activity of

the renal sympathetic nerves. This conclusion is consist-

ent with the fact that the administration of phenoxy-

benzamine has been demonstrated to 1) increase the

plasma concentration of epinephrine in anesthetized

dogs, 2) increase the plasma concentration of norepi-

nephrmne in anesthetized rats (930), 3) increase the uri-

nary excretion of norepinephrmne, epinephrmne, and their

metabolites from conscious rats (83), 4) increase the

urinary excretion of norepinephrmne and epinephrine

from conscious dogs (73), and 5) increase splenic nerve

activity in anesthetized cats (288). The effects of phen-

oxybenzamine in the latter two studies (73, 288) were

prevented by ganglionic-bbocking drugs.

Other evidence supports the notion that phenoxybenz-

amine-induced renin release occurs via reflex activation

of the renal sympathetic nerves. For example, the intra-

renal injection of phenoxybenzamine does not elicit renin

release (534, 933). In addition, phenoxybenzamine had no

effect on renin release from the isolated perfused rat

kidney (1133, 1135) or rat renal cortical slices in vitro

(805). However, in the latter experiments, phenoxybenz-

amine did potentiate the stimulation of renin release by

norepinephrine, presumably by inhibiting the neuronal

uptake of the catechobamine. Thus, phenoxybenzamine

does not stimulate renin release by a direct renal action

or a direct effect on the granular JG cells.

In studies with hypertensive patients on a salt-re-

stricted diet, Michelakis and McAllister (745) found that

phenoxybenzamine caused little or no change in supine

or upright PRA. Since Pettinger et a!. (894) noted that

the increase in PRA after phenoxybenzamine was larger

in sodium-depleted rats as compared to normal animals,

the failure of Michelakis and McAllister (745) to dem-

onstrate a rise in PRA after phenoxybenzamine was

probably related to the absence of a fall in blood pressure

rather than the prior alteration in sodium intake. How-

ever, Johnston et a!. (538) found that 2 weeks of treat-

ment of hypertensive patients with phenoxybenzamine

did not decrease blood pressure but did increase PRA

and plasma norepinephrine concentration. In contrast,

Vetter et a!. (1150) reported that prolonged treatment of

hypertensive patients with phenoxybenzamine blunted

the circadian rhythm of renin release and decreased PRA

in both the supine and upright position, especially in

subjects with high initial PRA levels. In like fashion,

phenoxybenzamine lowered arterial pressure and renin

release in patients with pheochromocytoma (1151).

Based on these clinical data, Vetter et a!. (1150, 1151)

suggested that phenoxybenzamine inhibited renin release

at a point distal to the blockade of specific adrenergic

receptors.

B. PHENTOLAMINE. Phentobamine is a short-acting,

competitive alpha-achenergic antagonist that possesses

some direct vasodilating effects. Phentobamine has been

shown to stimulate renin release in anesthetized (734,

737, 738, 866, 887) and conscious (571, 572, 890, 894) rats,

anesthetized cats (231), and normotensive (653, 728) and

hypertensive (293, 486, 504, 653, 974) humans. In con-

scious rats, phentobamine caused a dose-related elevation

of PRA (890) that developed rapidly (894) and was as-

sociated with a marked rise in heart rate (571, 572).

As in the case with phenoxybenzamine, a wealth of

evidence indicates that phentolamine elicits renin release

by reflex activation of the renal sympathetic nerves.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


142 KEETON AND CAMPBELL

Meyer et a!. (737) were the first to demonstrate that

propranobol blocked the increase in PRA caused by phen-

tolamine in anesthetized rats, and this observation was

subsequently confirmed in conscious rats (571, 572, 890).

In conscious rats, small doses of propranobol blocked by

75% to 90% the 7- to 15-fold elevation of PRA brought

about by phentolamine (571, 572, 890). In later studies,

Meyer and co-workers (734, 738) found that phentob-

amine-induced renin release was potentiated by desipra-

mme and amitriptyline, two compounds that inhibit the

neurona! uptake of norepinephrine but have no effect on

renin release by themselves. Furthermore, neither of

these drugs enhanced the stimulation of renin release

caused by isoproterenob. In addition, the 4- to 9-fold rise

in PRA seen after the administration of phentobamine

was completely prevented or greatly attenuated by pre-

treatment with reserpine, the norachenergic neurotoxin

6-hydroxydopamine, or the ganglionic blockers pempi-

dine or camphidonium. The 1- and d-isomers of propran-

obol blocked phentobamine-induced renin release by 80%

and 25%, respectively.

In later studies with conscious rats, Keeton et a!. (572)

found that the 10- to 15-fold increase in PRC caused by

phentolamine was associated with a 35% decrease in

MAP and a 33% elevation of heart rate. Phentobamine-

induced renin release, hypotension, and tachycardia were

potentiated by the All antagonist saralasin, and the renin

release elicited by phentolamine alone or phentolamine

plus sara!asin was inhibited by 73% and 90%, respectively,

when the animals were pretreated with propranobob. Pro-

pranobol attenuated the synergistic hypotensive effect of

the phentolamine-saralasin drug combination (K. Kee-

ton, unpublished observations); however, this observa-

tion alone could not account for the blockade of the

synergistic renin release seen after phentolamine and

sara!asin.

Because the hypotension caused by a single dose of

phentolamine bed to a decrease in GFR, RPF, urinary

volume, and sodium excretion in conscious rats (136),

Keeton and Pettinger (571) examined the possibility that

a portion of the renin release caused by phentolamine

resulted from a decrease in the sodium load at the macula

densa and/or the decrease in blood pressure per se. The

treatment of conscious rats with DOCA and saline drink-

ing fluid suppressed basal PRA by 90% and slightly

elevated MAP. The administration of phentobamine to

these animals raised PRA from 0.2 to 19.6 ng of AI/mb/

hr whereas a rise from 2 to 32 ng of Al/mb/hr was noted

in normal rats given the same dose. Thus, although the

elevation of PRA seen after phentolamine did not reach

the same absolute values in the two groups of animals,

the relative increase in the DOCA-salt rats (98-fold) was

much greater than that seen in normal animals (16-fold).

The hypotensive effect of phentolamine was blunted

somewhat in the DOCA-salt group, but the degree of

tachycardia attained was not affected by salt-loading.

Based on these data, it was concluded that the alteration

in renal sodium metabolism that follows phentolamine-

induced hypotension had little to do with the renin

release caused by this agent. Despite the fact that pro-

pranobol completely prevented the stimulation of renin

release elicited by phentolamine in conscious rats, beta-

adrenergic receptor blockade did not affect the vaso-

depression caused by phentolamine. Therefore, only a

minor portion of the renin release produced by phentob-

amine could be attributed to activation of the renal

baroreceptor (571).

Like phenoxybenzamine, phentobamine did not affect

renin release when injected directly into the kidneys of

anesthetized dogs (534) or added to rat renal cortical

slices in vitro (272, 669, 805, 1197). Phentobamine did

potentiate the renin release caused by small doses of

norepinephrmne in vitro (805) and did reverse the inhibi-

tion of renin release seen after large doses of norepineph-

rine in vitro (669, 805). These observations, combined

with the data obtained with phentolamine and propran-

obob in vivo (571, 572, 734, 737, 738, 890), make it unlikely

that the renin release elicited by phentolamine resulted

from blockade of the intrarenal alpha-adrenergic recep-

tors that have been shown to suppress renin release (894).

One group of researchers (1226-1228) have suggested

that phentolamine is abbe to inhibit renin release at a site

distal to specific adrenergic receptors. The elevation of

renin release caused by: 1) hemorrhage or adrenalectomy

in anesthetized rats; 2) a decrease in renal perfusion

pressure in anesthetized dogs; 3) the infusion of isopro-

terenob, norepinephrine, or cyclic AMP into anesthetized

dogs; and 4) the assumption ofupright posture in humans

was reported to be prevented by prior treatment with

phentolamine. However, it is important to note that none

of the findings with phentobamine have been corrobo-

rated by other researchers. A similar mechanism of action

has been proposed for phenoxybenzamin� (1150, 1151).

Phentobamine-induced renin release in humans occurs

in associated with a fall in blood pressure and a rise in

heart rate (293, 504, 653), but neither the increment in

PRA nor the rise in heart rate were correlated with the

decrement in arterial pressure (293). Drayer et a!. (293)

found that PRA increased the same percentage in pa-

tients with bow-, normal-, or high-renin hypertension, and

prior sodium depletion did not affect the percentage

increase in PRA caused by phentolamine. In like fashion,

Levy et a!. (653) did not see any significant difference in

the stimulation of renin release by phentobamine when

normotensive and hypertensive humans were on an un-

restricted or restricted salt intake. However, although

the PRA values of the two groups were not different on

an ad libitum salt diet, salt restriction elevated renin

release to a greater extent in the hypertensive subjects.

As a result, the percentage increase in PRA after sodium

depletion and phentobamine were the same in both

groups, but the absolute PRA values were three times

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 143

higher in the hypertensive patients. Other researchers

(538) have found that a single dose ofphentobamine given

i.v. to hypertensive patients did not affect PRA, but this

observation is not surprising since blood pressure and

heart rate were not changed by the drug.

Hodler et a!. (486) reported that oxprenobol prevented

the increase in PRA and heart rate seen after the i.v.

injection of phentolamine into hypertensive patients on

a bow-sodium diet. Beta-adrenergic blockade did not alter

the decrease in blood pressure, GFR, sodium excretion,

and urinary volume caused by a single dose of phentob-

amine.

C. PRAZOSIN. Although prazosin was originally be-

lieved to lower blood pressure by active vasodilatation,

it has now been shown to elicit vasodepression by alpha-

achenergic blockade (409, 814). Accordingly, prazosin is

classified as an a!pha-adrenergic antagonist rather than

as a peripheral vasodilator. When given to hypertensive

humans, prazosin has been found to bower blood pressure

and total peripheral resistance; to cause little or no

change in heart rate; and to increase cardiac index, GFR,

and RPF (678, 700). Thus, unlike phentobamine and

phenoxybenzamine, prazosin-induced hypotension does

not result in a reflexby-mediated tachycardia.

Massingham and Hayden (701) gave either a single

(i.v.) dose or multiple (oral) doses ofprazosin to conscious

dogs with renovascular hypertension and noted no

change in PRA or heart rate even though blood pressure

decreased by 15%. When Graham et a!. (408) injected

prazosin into anesthetized dogs, both PRA and blood

pressure decreased. The subsequent administration of

the vasodilator diazoxide then elevated PRA without

causing further vasodepression.

Prazosin does elicit a tachycardia in conscious rats,

and consistent with the mechanism by which alpha-ad-

renergic antagonists increase PRA, prazosin stimulates

renin release in this species (411). Graham and Pettinger

(411) observed that both phentobamine and prazosin

brought about a dose-rebated decrease in MAP and in-

crease in SRA and heart rate, but for a given reduction

in MAP, phentolamine caused a greater increase in SRA

and heart rate than did prazosin. The authors felt that

the difference in the magnitude of the rise in SRA caused

by equihypotensive doses of phentobamine and prazosin

resulted from the fact that prazosin had little or no

activity in blocking the prejunctional a!pha-achenergic

receptors that have been shown to attenuate the release

of nerve-stimulated norepinephrmne release (290, 1035).

As a genera! rule, either short- or bong-term treatment

of hypertensive patients with prazosin leads to no change

or a decrease in PRA (113, 459, 958, 1048). After 50 days

of therapy with a dose of prazosin sufficient to lower

blood pressure by 16%, PRA decreased by 75% (459).

When patients with hypertension were divided into

high-, normal-, and bow-renin subgroups and treated with

prazosin, PRA decreased in all of the high-renin patients

and four of the 12 normal-renin patients (958). The

remainder of the normal-renin patients and the two low-

renin patients exhibited no change in PRA. Prazosin did

not elevate heart rate in any of these studies (113, 459,

958). It could be argued that no change in PRA in the

face of a decrease in arterial pressure represents an actual

suppression of renin release since hypotension per se

should cause an increase in PRA. The reason for a back

of increase in renin release and heart rate during the

administration of prazosin to hypertensive humans is

unknown.

D. OTHER DRUGS WITH ALPHA-ADRENERGIC RECEPTOR

BLOCKING ACTIVITY. The injection ofdibenamine directby

into the renal artery of anesthetized dogs resulted in no

change in renal venous PRA (1109). The ergot derivatives

obtained from Clavicepspupurea possess alpha-achener-

gic receptor blocking activity. Dihydroergotamine had

little effect on basal or upright PRA in patients with

labile hypertension (1266), and a mixture of dihychoer-

gocomine, dihydroergocristine, and dihydroergocryptine

lowered blood pressure by 12% in rats but had little effect

on PRA (866).

The neurobeptic agents chborpromazine (699) and do-

zapine (60) have been shown to be antagonists at alpha-

achenergic receptors. Robertson and Michelakis (940)

found that a single dose of chlorpromazine caused a 3-

fold increase in PRA in normotensive patients with schiz-

ophrenia. Blood pressure decreased slightly. Pettinger et

a!. (894) noted that cbozapine stimulated renin release in

conscious rats on a normal or low salt diet. As with

phentolamine, cbozapine caused a greater percentage in-

crease in SRA in normal rats than in sodium-depleted

animals.

The renin-releasing properties of other a!pha-achener-

gic antagonists such as tolazoline, azapetine, and pipe-

roxane are unknown. Similarly, the ability of other neu-

roleptic agents with marked activity at alpha-adrenergic

receptors to alter renin release has not been tested.

E. IMPORTANCE OF PRE- AND POSTJUNCTIONAL ALPHA-

ADRENERGIC BLOCKADE INTHE RENIN RESPONSE TO AL-

PHA-ADRENERGIC ANTAGONISTS. During the past decade,

a wealth of evidence has accumulated to support the

existence of prejunctional alpha-adrenergic receptors

that modulate the neuronal release of norepinephrmne

(290, 1035). Stimulation of these receptors by alpha-ad-

renergic agonists inhibits the exocytotic liberation of

norepinephrmne, and the blockade of these prejunctiona!

a!pha-achenergic receptors results in a greater release of

norepinephrmne at low frequencies of nerve stimulation.

Alpha-adrenergic antagonists differ in their ability to

cause receptor blockade at pre- and postjunctional alpha-

adrenergic receptors. For example, yohimbine preferen-

tially antagonizes norepinephrmne at prejunctional sites,

with postjunctional blockade occurring only at higher

concentrations of the drug. In contrast, prazosin appears

to be a preferential postjunctional a!pha-adrenergic an-
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tagonist, and phentobamine appears to possess equal

activity at both sites. These conclusions are based mostly

on data obtained from experiments conducted in vitro,

but recently the results of studies conducted in vivo have

given strong support to the functional significance of

prejunctional alpha-achenergic modulation of sympa-

thetic function (412).

Graham et a!. (412) measured the reflexby-mediated

increase in plasma norepinephrmne concentration that

resulted from giving equihypotensive doses of hychala-

zine, prazosin, phenoxybenzamine, and phentobamine to

conscious rats. Hydralazine, a peripheral vasodilator that

does not block alpha-achenergic receptors, elicited a 4.2-

fold increase in the amount of norepinephrmne found in

the plasma. Prazosin, phenoxybenzamine, and phentol-

amine elevated plasma norepinephrmne concentration by

5.5-, 7.5-, and 8.9-fold, respectively. Thus, the relative

ability of these three a!pha-adrenergic antagonists to

increase the plasma bevel of norepinephrmne was in the

same rank-order as their ability to block prejunctiona!

alpha-achenergic receptors in vitro. These data also help

to explain the observation that for a given reduction in

MAP, phentolamine caused a greater increase in SRA

than did prazosin (411). The exceptional prejunctional

selectivity of yohimbine was evidenced by the fact that

a small dose of this drug did not bower blood pressure

but did elicit a tachycardia and a 3.6-fold elevation in the

circulating bevels of norepinephrmne (412). More recently,

yohimbine has been found to cause a dose-related in-

crease in SRA and heart rate in conscious rats even

though blood pressure was not decreased (905a). The

increases in SRA and heart rate were blocked by pro-

pranobob. These results serve to explain earlier sugges-

tions that drugs such as phentobamine (293, 1259) and

chborpromazine (940) possessed agonistic activity at beta-

adrenergic receptors. In other words, alpha-adrenergic

antagonists, by acting at prejunctional sites, increase the

release of norepinephrmne onto postjunctional renal and

cardiac beta-adrenergic receptors rather than stimulating

them directly.

In summary, alpha-achenergic antagonists stimulate

the release of renin by reflex activation of the renal

sympathetic nerves secondary to a decrease in MAP.

This increase in renin release is blocked by beta-ache-

nergic antagonists. Prazosin is the exception to this gen-

eralization since it may lower blood pressure in some

cases without eliciting an increase in renin release or

heart rate. These unique properties of prazosin deserve

further study.

3. Beta-adrenergic antagonists and agonists. As seen

previously, the renal sympathetic nerves play an impor-

tant robe in the stimulation of renin release, and this

response is mediated via beta-adrenergic receptors bo-

cated on the granular JG cells. In fact, much of the

evidence for the batter conclusion is based on the fact

that beta-adrenergic receptor-blocking drugs prevent

sympathetically mediated renin release, irrespective of

whether the renal nerves are activated directly or mdi-

rectby (vide supra). In addition, the renin response to

beta-adrenergic antagonists has been a subject of great

interest ever since Buhber et a!. (158) suggested that the

magnitude of the hypotensive effect of these drugs was

dependent on the initial PRA value and the magnitude

of suppression of renin release. Thus, the renin response

to the various beta-achenergic antagonists is of interest

in basic and clinical research as well as in clinical thera-

peutics. Here, we will describe the effects of these agents

on basal renin release in animals and humans with special

emphasis on those situations in which different drugs are

compared in the same experimental system.

In 1969, some five years after propranobob was first

synthesized, Winer et a!. (1228) discovered that propran-

obol blocked orthostasis-induced renin release in normal

humans without lowering supine PRA values. A year

later, Stokes et a!. (1046) reported that propranobol low-

ered peripheral and renal venous activity in hypertensive

patients and, soon thereafter, Salvetti et a!. (972) noted

that oxprenobob suppressed both supine and upright renin

release in normotensive humans on either a normal salt

or bow salt diet.

In 1972, Michelakis and McAffister (745) found that

therapy with multiple small doses of propranobol sup-

pressed both supine and upright PRA in hypertensive

and normotensive humans without affecting blood pres-

sure. The suppression of renin release by propranobob was

dose-related, and propranobob lowered both supine and

upright PRA by 50% in the salt-depleted state. At the

same time, Zehr and Feigl (1267) observed that propran-

obob lowered PRA by 60 to 70% in salt-deprived and

normal anesthetized dogs, and Buhber et a!. (158) hy-

pothesized a relationship between the ability of propran-

obol to bower renin release and its ability to lower blood

pressure. In the same year, Salvetti et a!. (971) reported

that oxprenobol decreased renin release in the supine and

upright positions in patients with normal-renin hyperten-

sion but was without effect in bow-renin hypertension.

Since 1972, hundreds of papers have #{149}been published

concerning the effects of beta-adrenergic antagonists on

renin release, and the results of many of these studies

are summarized in table 2.

As shown in table 2, all beta-adrenergic antagonists

tested to date inhibit renin release in animals and hu-

mans, but these drugs differ in their efficacy and potency.

Propranobob, the first drug listed in table 2, usually is

used as the standard of comparison for all other beta-

adrenergic antagonists. Some general points can be made

concerning the effects of beta-adrenergic antagonists on

renin release. First, renal beta-achenergic receptor block-

ade does not suppress basal (supine) renin release to zero

in humans; therefore, factors other than renal nerve

activity maintain renin release in the supine position.

Secondly, many of these drugs block the increase in PRA
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TABLE 2

The alteration ofrenin release by beta-adrenergic receptor blocking drugs

Inhibition
Experimental Subjects Dose/Time of Renin

Release (%)
Comments Reference

� -�

PROPRANOLOL: A nonselective agent with membrane stabilizing effects but no intrinsic activity

NT/HT humans

HT humans

NT/HT humans, su-

pine

158

89

57

50

50

30-50

60-65

65

60

80

71

51

5

5

0

0

31

6

80

50

48

69

58

63

0

16

88-90

51

45

68

79

50

25

28

26

33

37

51

57

68

81

73

0

50

20

32

67

66

70

29

36

33

47

56

24

50

67

65

C Abbreviations used are: NT, normotensive; HT, hypertensive, hypertension; PRA, plasma renin activity; PRC, plasma renin concentration;

All, angiotensin H.
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NT humans

HT humans

NT/HT humans

HT humans, upright

NT humans, upright

HT humans, supine

HT humans, upright

NT humans, upright

HT humans, supine,

renin secretion rate

NT humans

HT humans, upright

HT humans, upright

HT humans

HT humans

HT humans

HT humans

HT humans

HT humans, upright,

sodium-depleted

HT humans, upright

NT humans, upright

NT humans

NT humans, supine

HT humans

HT Humans

NT humans

HT humans, seated

NT humans

Conscious NT dogs

0.08 mg/mm, iv., 1 hr

8.-iS mg, i.v.

80 mg/day, p.o., 3 days

2 mg/kg/day, p.o., 7 days

10 mg, i.v., 2 hr

2 mg/kg/day, p.o., 4-7

days

5 mg, i.v., 15 min

160 mg/day, p.o., 2 wk

2.5 �ig/imn/kg, i.v., 1 hr

640 mg/day, p.o., 2 wk

160 mg/day, p.o., 2 wk

9-18 pig/kg, i.v., 10 mm

40 mg, p.o., 1 hr

80 mg/day, p.o., 4-6 days

240 mg/day, p.o., 3 wk

160 mg, p.o., 2 hr

320 mg/day, p.o., 8 wk

40 mg/day, p.o., 5-7 days

0.15 mg/kg, i.v., 45 mm

0.15 mg/kg, i.v., 45 mm

120-320 mg/day, p.o., 3

days

120-320 mg/day, p.o., 3

days

0.13 mg/kg, i.v., 40 mm

0.8 mg/kg, i.v., 1 hr

1.5 mg/kg/day, p.o., 4

days

240 mg/kg/day, p.o., 3-14

mo

480 mg/day, p.o., 1 wk

160 mg, p.o., 2 hr

2.5 mg/kg/day, p.o., 4 mo

100 mg, p.o., 2 hr

1 mg/kg, i.v., 1 hr

Upright PRA

Renal venous PRA

Supine PRA, normal salt diet

Supine PRA, low salt diet

Upright PRA, normal salt diet

Upright PRA, low salt diet

Low-resin HT

Normal-renin HT

High-resin HT

Supine PRA
Supine PRA

NT humans

HT humans

Renal HT without renal failure

Renal HT with renal failure

Normal salt diet

Low salt diet

Borderline HT

Sustained HT

Normal-renin HT

High-renin HT

Exercise-induced release

Low salt diet

High salt diet

Supine PRA

Chronic renal failure

Plasma propranolol levels, 40-200 ng/ml

Supine PRA

Upright PRA

Supine PRA

Low-renin HT

Normal-resin HT

High-renin HT

Low-renin HT

Normal-renin HT exercise induced release

High-renin HT

Essential HT

Renovascular HT

HT with renal failure

Renal insufficiency present

d-Propranolol

d,1-Propranolol

Supine PRA

Upright PRA

Low salt diet

Supine PRA

Upright PRA

Supine PRC

Upright PRC

Seated PRA

Exercise-induced release

Normal-renin HT

Supine PRA

Exercise-induced release

Normal salt diet

Low salt diet

1228

1046

745

133

763

1024

839

1058

500

114

1061

34

766

799

767

559

650

172

172

384

384

1095

1156

1152

1050

660

627

157

157

1267
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Inhibition
Experimental Subjects Dose/Time of Renin Comments Reference

Release (%)

373Pentobarbital-anesthe-

tized, NT dogs

Conscious, NT dogs

NT dogs

Pentobarbital-anesthe-

tized, NT dogs

Conscious, NT rabbits

Conscious, NT rats

Anesthetized, NT rats

Anesthetized rats, pin-

ealectomy-induced

HT

Conscious, HT rats

Okamoto strain rats

Two-kidney Goldblatt HT

Stenosis of aorta between renal arteries

0

� Days after stenosis of aorta between the renal

12 arteries

20

Wellcome strain rats

327

ALPRENOLOL: A nonselective agent with membrane-stabilizing effects and marked intrinsic activity

600 mg/day, p.o., 6 wk 52 Upright PRA

600-1200 mg/day, p.o., 1 47 Supine PRC

mo

BUFURALOL: A cardioselective agent with membrane-stabilizing effects and some intrinsic activity

320 mg/day, p.o., 4-6 wk 69 Upright PRA

20 mg, p.o., 2 hr 23 Supine PEA

50 Exercise-induced release

BUNOLOL: A nonselective agent with no membrane-stabilizing effects or intrinsic activity

15-30 mg/day, p.o., 5 days 71 Seated PEA

BUPRANOLOL: A nonselective agent with no membrane-stabilizing effects or intrinsic activity

30 pig/kg, i.m., 30 mmn 30 Ether anesthesia

1000 �tg/kg, i.m., 30 mm 80

OXPRENOLOL: A nonselective agent with no membrane-stabilizing effects but marked intrinsic activity

NT humans, supine 40 mg, p.o., 1 hr 51 Plasma oxprenolol levels, 100-700 ng/ml

379

909

146 KEETON AND CAMPBELL

623

TABLE 2-continued

Ether-anesthetized,

NT rats

Ether-anesthetized,

rats

Conscious, NT rats

NT rats

Conscious, NT rats

Conscious, HT rats

Conscious, HT rats

Conscious HT rats

Conscious, NT rats

Conscious, HT rats

Ether-anesthetized,

HT rats

Ether-anesthetized,

NT rats

Conscious, NT rats

Conscious, NT rats

Conscious rats

HT humans

HT humans

HT humans

NT humans

HT humans

NT rats

0.6 mg/kg, iv., plus 0.3

mg/kg/hr, i.v., 90 mm

1 mg/kg, iv., plus 0.6-0.67

mg/kg/hr, i.v., 1 hr

1 mg/kg, i.v., plus 1.5-1.8

mg/kg/hr, iv., 1 hr

1 mg/kg, i.v., plus 0.5 mg/

kg/hr iv., 90 min

0.6 mg/kg, i.v., plus 0.3

mg/kg/hr, iv., 30 mm

1 mg/kg, iv., 60 mm

6 mg, i.m., 20 days

5 mg/day, p.o., 20 days

5 mg/day, p.o., 20 days

40-80 mg/kg/day, p.o., 3-

4 wk

30 mg/kg/day, p.o., 3 wk

1 mg/kg, i.m., 30 mm

1 mg/kg, i.v., plus 0.5 mg/

kg/hr, 6 hr

0.25 mg/kg, i.v., 1 hr

1.0 mg/kg, iv., 1 hr

15 mg/kg, i.p., 30 min

2 mg/kg/day, i.m./p.o., 2

wk

20 mg/kg/day, s.c., 15

days

60 mg/day, p.o., 6 wk

60 mg/kg/day, 2 wk

2.6 mg/kg/day, i.p., 20

days

75 mg/kg/day, p.o., 3 wk

75 mg/kg, day, 3 wk

1.5 mg/kg, s.c., 30 mm

1.5 mg/kg, s.c., 30 min

1.5 mg/kg, s.c., 30 min

50

0

66

77

84

84

43

49

50

0

25

35

0

44

3

50

64

0

0

50

53

0

0

16

47

40

27

47

3

0

9

53

32

50

64

54

Low salt diet

Normal salt diet

Low salt diet

Low salt diet

Conscious

Pentobarbital anesthesia

Renal venous PRA

Pentobarbital anesthesia

Pentobarbital anesthesia

PRC in two-kidney Goldblatt HT

PRC in one-kidney Goldblatt HT

Normal salt diet

Low salt diet

PRC

d,l-Propranolol

d-Propranolol

Thiobarbitone anesthesia

Sodium-depleted rats

HT rats, Okamoto strain

NT rats, Wistar-Kyoto

1255

1254

828

1186

345

561

561

862

1033

737

1185

816

890

346

642

328

328

641

641

894

185

893

225

884

1192

157
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TABLE 2-continued

Inhibition
Experimental Subjects Dose/Time of Renin

Release (%)
Comments Reference

Seated PRA 159

975

975

Low renin HT, no change in 9/19 patients

Renovaseular HT, no change in 14/36 patients

Supine PRA

Upright PRA

Supine PRA

Upright PRA

Normal-renin HT

Supine PEA, low salt diet

Upright PRA

Supine PRA, normal salt diet

Upright PRA

Upright PRA

Normal-renin HT

Low-renin HT

Supine PRA

Exercise-induced release

HT humans

HT humans

HT humans, supine

HT humans, supine

HT humans, supine

PENBUTOLOL: A nonselective agent with no membrane-stabilizing effects or intrinsic activity

40-60 mg/day, p.o., 3-8 59 Supine PRA

mo 72 Upright PRA

82 Exercise-induced release

4-8 mg/day, p.o., 4 hr 60 Supine and upright PRA

PINDOLOL: A nonselective agent with no membrane-stabilizing effects but marked intrinsic activity

1.2 �g/min/kg, i.v., 1 hr

493

442

1058

1058

628

HT humans

NT humans

Conscious, NT rabbits

Conscious, NT rabbits

Conscious, NT rabbits

1079

157

1183

1186

1185

CONTROL OF RENIN RELEASE 147

HT humans

NT humans

HT humans, upright

PRA

NT humans

HT humans

HT humans, seated

NT humans

NT humans

HT humans, upright

NT humans

Conscious, NT rabbits

Conscious, NT rabbits

HT humans

HT humans

NT humans, supine

HT humans

HT humans

HT humans

HT humans

HT humans

3.4 mg/kg/day, p.o., 2 mo

160 mg, p.o., 8 hr

100 mg, p.o., 1 day

100 mg, p.o., 1 day

80 mg, p.o., 1 day

240 mg/day, p.o., 2-3 wk

3.4 mg/kg/day, p.o., 2 mo

80 mg, p.o., 1 day

100 mg, p.o., 1 day

100 mg, p.o., 1 day

100 mg, p.o., 2 hr

1 mg/kg, i.v., 2 hr

1 mg/kg, iv., plus 0.063

mg/kg/hr, i.v., 6 hr

40 mg/day, p.o., 1 mo

15-45 mg/day, p.o., 6 wk

15-35 mg/day, p.o., 16 wk

20 mg, p.o., 2 hr

0.5 mg/kg/day, p.o., 5

days

45 mg/day, p.o., 3 mo

20 mg, p.o., 4 hr

60 mg/day, p.o.

Not stated

10 mg/day, p.o., 1 mo

14 mg/day, p.o., 1 mo

19 mg/day, p.o., 1 mo

10 mg/day, p.o., 3 mo

5 mg, p.o., 2 hr

0.1 �g/kg/min, i.a., into

kidney, 1 hr

0.1 ,�g/kg/min, i.v., 1 hr

0.125 mg/kg, i.v.

0.125 mg/kg, i.v., plus

0.063 mg/kg/hr, i.v., 6

hr

62

60

61

58

70

65

66

61

40

66

38

26

53

73

91

40

76

71

68

0

15

46

50

57

54

0

33

20

60

44

47

19

30

15

67

9

6

54

42

31

35

12

49

51

11

38

Supine PRA

Upright PRA

High-renin HT

Normal-renmn HT

Borderline HT

Sustained HT

Borderline HT

Sustained HT

High-renin HT

Normal-renin HT

Low-renin HT

Supine PEA

Upright PRA

Supine PRA

Low-sodium diet

Supine PRA

Upright PRA

Upright PRA

Supine PRA

Upright PEA

Supine PRA

Upright PRA

Supine PRA

Exercise-induced release

2.5-fold increase in renin secretion

No change in renin secretion

1.4-fold increase, 1 hr postinjection

1.8-fold increase, 2 hr postinjection

2.8-fold increase, 3 hr postinjection

3.4-fold increase in PRA

973

250

157

972

971

971

157

1186

1185

135

767

1152

812

17

17

1030

367
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TABLE 2-continued

Inhibition
Experimental Subjects Dose/Time of Renin Comments Reference

Release (%)

SOTALOL: A nonselective agent with no membrane-stabilizing effects or intrinsic activity

HT humans, upright 230-1200 mg/day, p.o., 13 74 High-renin HT 1149

PRC wk 3 Low-renin HT

TIMOLOL: A nonselective agent with no membrane-stabilizing effects or intrinsic activity

HT humans 30 mg/day, p.o., 2 mo 64 Upright PEA 204, 205

Supine humans 46 mg/day, p.o., 6 days 21 NT 679

50 HT

NT humans 10 mg, p.o., 2 hr 28 Supine PEA 157

31 Exercise-induced release

Conscious, HT dogs 1.5 mg/day, p.o., 4 days 17 Cellophane-wrap, renal HT 1067

Conscious dogs 8 mg/day, p.o., 1 wk 0 NT dogs 779

10 Renal HT dogs

Conscious, NT rabbits 0.125 mg/kg, i.v., plus 49 PRC 410

0.0625 mg/kg/hr, i.v., 1

hr

NT rats 0.2 mg/kg, i.p., 1 hr 54 Conscious 410

84 Ether anesthesia

Conscious rats 2 mg/kg, p.o., 1 hr 30 HT rats, Okamoto strain 936

0 NT rats, Wistar-Kyoto

0 NT rats, Sprague-Dawley

Conscious rats 2 mg/kg/day, p.o., 4 days 75 HT rats, Okamoto strain 936

60 NT Rats, Wistar-Kyoto

8 NT Rats, Sprague-Dawley

Pentobarbital-anesthe- 20 mg/kg/day, p.o., 8 days 13 HT rats, Okamoto strain 779

tized rats 6 NT rats, Wistar

LL21-945: A nonselective agent with no intrinsic activity

HT humans, seated 0.1 mg/kg/day, p.o., 68 63 Normal-renin HT 157

days

NT humans 2.5 mg, p.o., 2 hr 23 Supine PEA 157

47 Exercise-induced release

ACEBUTOLOL: A carclioselective agent with membrane-stabilizing effects and some intrinsic activity

HT humans 2 g/day, p.o., 2 days 61 Upright PEA 724

HT humans 800 mg/day, p.o., 6 wk 31 Upright PEA 347

ATENOLOL: A cardioselective agent with no membrane-stabilizing effects or intrinsic activity

HT humans 200 mg/day, p.o., 2 mo 56 Supine PEA 1263

65 Upright PEA

HT humans 50 mg/day, p.o., 1 mo 50 Supine PEA 1213

HT humans 200 mg/day, p.o., 2 mo 70 Supine PEA 985

65 Upright PEA

HT humans 200 mg/day, p.o., 1 mo 75 Supine PEA 6

HT humans 600 mg/day, p.o., 3 wk 8 Seated PRC [PRC, total plasma resin by method 319

of Skinner et al. (268)]

HT humans 75 mg/day, p.o., 1 wk 7 Supine PRC 15

40 Upright PRC

HT humans 75 mg/day, p.o., 1 wk 7 Supine PRC 660

40 Upright PRC

600 mg/day, p.o., 1 wk 14 Supine PRC

10 Upright PRC

NT humans 100 mg, p.o., 2 hr 34 Supine PEA 157
47 Exercise-induced release

NT rats 2.5 mg/kg, i.v., 1 hr 64 Thiobarbitone anesthesia 816

20 mg/kg, i.v., 1 hr 68

METOPROLOL: A cardioselective agent with slight membrane-stabilizing effects but no intrinsic activity

HT humans 300 mg/day, p.o., 3 wk 67 Supine PEA 1164

73 Upright PEA

NT humans 40 mg, p.o., 1 hr 29 Supine PEA 34

HT humans 150-450 mg/day, p.o., 3 49 Supine PEA 443

mo 46 Upright PEA

HT humans 150 mg/day, p.o., 1 mo 67 Supine PEA 905

69 Upright PEA

HT humans 150 mg/day, p.o., 3 mo 36 Upright PEA 1168
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TABLE 2-continued

Inhibition
Experimental Subjects Dose/Time of Renin Comments Reference

Release (%)

HT humans 300 mg/day, p.o., 1-3 wk 80 PRA, posture not stated 16

19 PRC, posture not stated [PRC, “total plasma

renin” by method of Skinner et al. (268)]

HT humans 150-450 mg/day, p.o., 3 39 Supine PRA 441

mo 43 Upright PRA

NT humans 0.8 mg/kg, p.o., 1 hr 19 Supine PEA 1156

29 Upright PRA

HT humans 200 mg, p.o., 2 hr 0 Seated PEA 627

48 Exercise-induced release

HT humans, seated 3.2 mg/kg/day, p.o., 7 wk 67 Normal-renin HT 157

NT humans 125 mg, p.o., 2 hr 29 Supine PEA 157

38 Exercise-induced release

Conscious, NT rabbits 2.5 mg/kg, i.v., plus 1.25 31 1185

mg/kg/hr, i.v., 6 hr

NT rats 2.5 mg/kg, iv., 1 hr 57 Thiobarbitone anesthesia 816

20 mg/kg, i.v., 1 hr 59

PEACTOLOL: A cardioselective agent with no membrane-stabilizing effects and marked intrinsic activity

HT humans 800 mg/day, p.o., 6 mo 34 Supine PEA 317

65 Upright PEA

NT humans 400 mg, p.o., 2 hr 22 Supine PEA 157

55 Exercise-induced release

NT humans 300 mg, p.o., over 18 hr 12 Supine PRA 971

41 Upright PRA

Conscious, NT rabbits 2.5 mg/kg, iv., plus 1.25 22 1185

mg/kg, iv., 6 hr

NT rats 2 mg/kg, iv., 1 hr 19 Thiobarbitone-anesthesia 816

16 mg/kg, i.v., 1 hr 19

TOLAMOLOL: A cardioselective agent with no membrane-stabilizing effects or intrinsic activity

NT humans 100 mg, p.o., 2 hr 30 Supine PRA 157
47 Exercise-induced release

HT humans 300-900 mg/day; p.o., 2-4 68 Upright PEA 1159

mo

Pentobarbital-anesthe- 10 mg/kg/day, p.o., 20 14 NT rats, Wistar 562

tized rats days 51 Pinealectomy-induced HT rats

LABETALOL: A competitive antagonist at both alpha- and beta-adrenergic receptors that is a nonselective beta-adrenergic antagonist.
Labetalol is more potent at beta- than at alpha-adrenergic receptors

HT humans, upright 300-1200 mg/day, p.o., 8 28 High initial PRA 723

days 2.2-fold Low initial PRA

increase

HT humans, supine 1.5-2 mg/kg, iv., 3 hr 33 Decrease in plasma All concentration 952

HT humans 1200 mg/day, p.o., 8-16 77 Exercise-induced release 597

mo

HT humans 1500 mg/day, p.o., 2 wk 32 Supine PRA 1193

40 Upright PRA

NT humans 400 mg, p.o., 2 hr 12 Supine PRA 157

44 Exercise-induced release

HT humans 1.65 g/day, p.o., 2 wk 73 Supine PRA 320
100 Exercise-induced release

NT rats 1 mg/kg, s.c., 30 min 2.3-fold 573

increase

3 mg/kg, s.c., 30 mm 2.8-fold

increase

10 mg/kg, s.c., 30 min 3.1-fold

increase

30 mg/kg, s.c., 30 min 4.4-fold

increase

that results from the attainment of upright posture in atenobob (15, 660, 985, 1263), metoprobob (441, 443, 905,

humans. This blockade of orthostasis-induced renin 1156, 1164), oxprenobob (250, 973, 975), penbutobob (442,

release has been demonstrated with propranobol (650, 493), pindobol (135, 628, 1079), practobob (317, 971), and

660, 728, 745, 971, 972, 1050, 1156, 1228), acebutobol (347), labetabob (1193). In a similar fashion, exercise-induced
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150 KEETON AND CAMPBELL

renin release in humans has been prevented by pretreat-

ment with propranobob (114, 157, 172, 627), atenobob (157),

bufuralol (157), metoprobob (157, 627), oxprenobob (157),

penbutobob (493), pindobol (157), practobob (157), timobob

(157), tobamobob (157), and labetalob (157, 597). Next, and

in accord with the original suggestion of Buhler et a!.

(158), other clinicians have observed that beta-adrenergic

receptor blockade with propranobol (172, 500), bunobob

(379), oxprenobob (971, 975), pindobol (628), and sotalol

(1149) lowered PRA by a greater percentage in high-

renin hypertensive patients than in bow-renin hyperten-

sive patients. It is important to note, however, that this

differing response of renin release to beta-achenergic

blockade was detected when the patients were in the

upright position (172, 379, 500, 628, 975, 1149). Usually,

no difference in renin suppression was observed in recum-

bent high- and bow-renin hypertensive patients after

beta-achenergic blockade (172). In only one case was

beta-achenergic blockade with pindobol (628) found to

suppress PRA in the supine position to a greater extent

in high-renin hypertensive humans.

There is some controversy (839, 1033) as to whether

beta-achenergic antagonists have the ability to bower the

elevated PRA values found in sodium-depleted animals

and humans, but the majority of the evidence indicates

that they do suppress this stimulated renin release to a

certain extent. For example, propranobob has been noted

to lower PRA by 50% to 70% in salt-depleted humans

(133, 384, 745, 763, 1061, 1152), dogs (373, 1255, 1267), and

rats (894). In like fashion, pindobol (1152) and oxprenobob

(972) lowered PRA in sodium-depleted humans. How-

ever, even with this degree of inhibition of renin release

in the salt-depleted state, the absolute PRA values en-

countered are usually greater than, or at least equal to,

the PRA values found in the states of normal sodium

balance. On the other hand, some researchers have noted

that propranolol had no effect on PRC in orthostatic,

hypertensive patients (839) and ether-anesthetized rats

(1033) in a sodium-depleted state. In each of the experi-

ments (133, 384, 745, 763, 839, 1033, 1061, 1152) referenced

above, sodium-depletion was achieved primarily by the

ingestion of a low salt diet with only a minima! use of

diuretic drugs (133, 384, 1255). In each case, diuretic

therapy had been withdrawn several days before the

administration of the beta-adrenergic antagonist. This

inhibition of renin release by beta-adrenergic blockers

during sodium-depletion is comparable to the effect of

these drugs on thiazide-induced renin release, and this

suppression has been taken as evidence that the stimu-

latory effect of the renal sympathetic nerves on renin

release is increased during sodium-depletion and the

subsequent contraction of plasma volume.

Even though the degree of inhibition of renin release

by the beta-adrenergic receptor antagonists propranobol

(345), oxprenobob (623), and metoprobol (441) has been

found to be closely correlated with the plasma concen-

tration of these drugs, it is not safe to assume that their

ability to suppress renin release is always dependent on

the blockade of the beta-achenergic receptors located on

the granular JG cells. For example, Johns and Singer

(527) found that propranobob lowered renin release from

the denervated kidneys of anesthetized cats by 60%, and

Osborn et a!. (847) observed that both d- and d,l-pro-

pranobob inhibited renin secretion in anesthetized dogs

with denervated, nonfiltering kidneys. Moreover, both d-

and d,l-propranobob blocked furosemide-induced renin

release and renal vasodilatation in dogs with nonfiltering

and denervated, nonfiltering kidneys (235, 847). Although

it was originally reported that propranobob blocked renal

baroreceptor-stimulated renin release in anesthetized

dogs (1226), other investigators (231, 440, 1145) have

been unable to confirm this finding. In a well-designed

study in conscious dogs, Hanson et a!. (440) elicited a 2-

fold increase in PRA by decreasing renal perfusion pres-

sure with an inflatable cuff implanted around the renal

artery. Pretreatment with propranobol had no effect on

this renal baroreceptor-mediated renin release.

Analogous studies have been conducted in humans in

that the effect of oxprenobol on orthostasis-induced renin

release was examined in patients with functioning renal

allografts, i.e. denervated kidneys (973). In these patients,

the increase in PRA after attainment of the upright

position (69, 654, 798, 973, 1095) is not as rapid as it is in

humans with intact renal innervation (846), but the mag-

nitude of the increase is the same. This increase in PRA

might result from the release of catecholamines by the

adrenal gland (69) or activation of the renal baroreceptor.

Salvetti et a!. (973) observed that five of six patients with

functioning renal transplants exhibited an increase in

PRA with orthostasis some three to five months after

surgery. After the administration of oxprenobol, the pos-

tural rise in renin release was reduced in only two of six

patients. Therefore, it is not known whether beta-ache-

nergic antagonists can block renal baroreceptor-mediated

renin release in humans.

Nevertheless, propranobol does have direct effects on

the renal vasculature. Carriere (198) reported as early as

1969 that the infusion of small doses of propranobol

directly into the renal artery ofanesthetized dogs reduced

RBF without causing systemic hemodynamic changes.

More recently, Sullivan et a!. (�061) discovered that the

i.v. administration of small doses of propranobol caused

a 15% to 20% drop in RBF and a 15% to 20% rise in renal

vascular resistance in both salt-depleted and salt-loaded

hypertensive patients. No change in blood pressure or

heart rate was observed after propranobob, and renin

secretion was reduced only in the sodium-depleted state.

Thus, a renal vascular site of action for beta-adrenergic

receptor antagonists, propranobol in particular, always

must be considered in interpreting changes in PRA after

beta-adrenergic receptor blockade.

The effects of beta-adrenergic receptor blockers on
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renal salt and water metabolism also cannot be ignored

in experiments in which renin release is estimated. While

these drugs as a class appear to have marked effects on

salt and water excretion, the results to date are contra-

dictory. Propranobob has been reported to cause an antin-

atriuresis in dogs (173, 800) but, on the other hand,

propranobol has been judged to elicit a natriuresis and

diuresis in rats (195, 414, 648). Carrara and Baines (195)

noted that d,l-, but not d-, propranobob produced a tran-

sient 2- to 3-fold increase in sodium excretion in rats

infused with ADH and aldosterone and in water-loaded

rats. The natriuresis produced by propranobob was depen-

dent on postganglionic nerve activity but was indepen-

dent ofrenal a!pha-adrenergic receptors. In normotensive

and SH rats, timobol had a natriuretic and diuretic effect

equivalent to bendroflumethazide (779). Of greater inter-

est is the observation that the natriuretic effects of ti-

mobol and bendroflumethazide were synergistic in the

normotensive rats and additive in hypertensive animals.

Along these same lines, Lee and Simpson (640) found

that continued treatment of genetically hypertensive rats

with propranobol for six weeks decreased total body ex-

changeable sodium as it lowered blood pressure. In a

similar fashion, Brecht et a!. (135) discovered that four

months of therapy with pindobol resulted in a significant

decrement in total body exchangeable sodium and an

increment in total body potassium content in hyperten-

sive humans. The latter observation is consistent with

the findings of Sweet and Gaul (1066), who noted that

the administration of timobol to dogs for 4 days resulted

a 0.3 mEq/l rise in plasma potassium concentration.

Timobol also attenuated the hypokalemia usually atten-

dant to therapy with hydrochlorothiazide (1066). Eleva-

tions of plasma potassium levels of 0.3 mEq/l have been

reported after the continued treatment of hypertensive

humans with propranobob (158). It has been suggested

(158, 1066) that the reduction in PRA by beta-adrenergic

antagonists leads to a fall in plasma bevels of All, a

subsequent reduction in aldosterone production, and the

retention of potassium by the kidney. Since small

changes in plasma potassium content can suppress renin

release (vide supra), Buhber et a!. (158) felt that propran-

obol-induced hyperkalemia might contribute to the inhi-

bition of renin release by this drug. In conclusion, the

effects of beta-adrenergic antagonists on renal salt and

water metabolism cannot be ignored when critical exper-

iments involving renin release are pbanned or analyzed.

The advent of the cardiosebective beta-adrenergic an-

tagonists generated a great deal of interest in the phar-

macobogic characterization of the renal beta-adrenergic

receptor controlling renin release. In 1967, Lands et a!.

(629) presented evidence that beta-adrenergic receptors

can be subdivided into beta1- and beta2-subtypes, with

the beta1-receptors mediating positive chronotropic and

inotropic responses in the heart and beta2-receptors sub-

serving broncho- and vasodilatation. During the last few

years, researchers have used beta1- and beta2-adrenergic

antagonists and agonists, either singly or in combination,

in an attempt to determine whether renin release is

mediated via beta1- or beta2-adrenergic receptors.

With this aim in mind, Weber et a!. (1185) studied the

effects of d,l-propranobob, d-propranobob, pindobol, ox-

prenobob, metoprobol, practobob, and H35/25 on both basal

and isoproterenol-stimulated renin release in conscious

rabbits. With the exception of d-propranobob and pin-

dobob, all of these antagonists lowered basal PRA during

the course of a 6-hr i.v. infusion. The decrement in PRM

seen after the cardiosebective blockers metoprobob (-31%)

and practobob (-22%) was significantly less than that

observed after the nonsebective drugs d,l-propranobol

(-64%) and oxprenobol (-57%). In addition, practobol and

metoprobob inhibited the chronotropic effects of isopro-

terenob but not the increase in PRA caused by isoproter-

enol. In an opposite fashion, the beta2-adrenergic recep-

tor blocker H35/25 prevented the rise in PRA, but not

the increase in heart rate, elicited by isoproterenob. Ox-

prenobol, pindobob, and d,l-propranobob blocked the renin

release and tachycardia caused by isoproterenol. The d-

isomer of propranobol did not alter basal or stimulated

renin release, and pindobob caused a 3.4-fold increase in

PRA in association with a marked tachycardia. If PRA,

MAP, and heart rate had previously been lowered by an

i.v. infusion of d,l-propranobob, the addition of pindolob to

the infusate raised PRA and heart rate back to the

prepropranobol control values without affecting blood

pressure. Because pindobob stimulated renin release and

reversed the ability of propranobob to suppress PRA, but

prevented isoproterenol-induced renin release, it was

concluded that the stimubatory effect of pindobol on PRA

and heart rate resulted from the marked intrinsic sym-

pathomimetic activity of pindobob. Therefore, those drugs

that possess prominent beta2-adrenergic blocking activity

(d,l-propranobol, oxprenobol, pindobob, and H35/25) had

a greater inhibitory effect on basal and isoproterenob-

stimulated renin release than those agents with betai-

adrenergic receptor activity (practobob and metoprobob).

Weber et a!. (1185) concluded that the effects of beta-

adrenergic blockers on renin release in rabbits depended

on the sum of their direct effects, either agonistic or

antagonistic, on beta2-adrenergic receptors in the kidney.

The variable effects of pindobob on renin release stress

the importance of considering the direct sympathomi-

metic activity of beta-adrenergic receptor antagonists. As

seen in table 2, a single dose of pindobol had little effect

on PRA in humans (17, 157, 767) even though continued

therapy usually resulted in a fall in PRA equal to that

seen with other beta-adrenergic receptor blockers (17,

367, 628, 1030, 1058, 1079). When hypertensive patients

previously treated with propranobob were changed to

pindobol, blood pressure was stifi reduced but PRA in-

creased 2- to 3-fold in the recumbent and upright position

(1050). More recently, Weber et a!. (1183) found that
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pindobob infused directly into the renal artery of conscious

rabbits brought about a 2.5-fold increase in renin secre-

tion without altering RBF and MAP. The same dose

given i.v. did not affect renin secretion. Furthermore,

after intrarenal arterial administration, a good correla-

tion was noted between renin secretion and the concen-

tration of pindobob in the renal venous blood. The ability

of small doses of pindobol to elevate renin secretion was

thought to be due to the marked sympathomimetic effect

of pindobob. A single bobus injection of pindobob or ox-

prenobob also has been shown to elevate renin release and

heart rate in conscious rabbits (1186). The intrinsic ac-

tivities of pindobol and oxprenobol are 56% and 29%

respectively, at cardiac chronotropic receptors when

compared with isoproterenob (59), and the agonistic prop-

erties of these drugs are fully expressed in the rabbit

kidney (1185, 1186) and partially expressed in the human

kidney (1050).

Johns and co-workers (526, 529) have presented evi-

dence that renin release is a beta2-adrenergic receptor

phenomenon in the cat. In anesthetized cats, both pro-

pranobob and the cardiosebective antagonist atenobob bow-

ered basal PRA; however, only propranobob lowered PRA

in a dose-rebated manner. Propranobob and atenobol in-

hibited renal nerve-stimulated renin release in a dose-

dependent fashion, but atenobob was 5.5-times less potent

than propranobol in effecting this inhibition (529). In

feline renal cortical cell suspensions, both isoproterenob

and the beta2-adrenergic receptor agonist salbutamob

stimulated the release of renin, with salbutamob about

one-third as potent as isoproterenob. Because the relative

potency of salbutamob and isoproterenol at JG cell beta-

adrenergic receptors, Johns et a!. (526) concluded that

beta2-adrenergic receptors controlled renin release in the

cat. However, other investigators (273) have pointed out

that the collagenase treatment used by Johns et a!. (526)

to prepare their cell suspensions may have altered the

beta-adrenergic receptors of the granular JG cells.

In conscious dogs, Himori et a!. (482a) found that

orally administered atenobol, a betai-adrenergic antago-

nist, blocked the renin release and tachycardia caused by

an i.v. infusion of isoproterenob. The vasodepression

caused by isoproterenob was not affected. Conversely, the

beta2-adrenergic antagonist IPS-339 prevented the de-

crease in blood pressure caused by isoproterenol but did

not impair isoproterenol-induced renin release or tachy-

cardia. In these studies, d,l-propranobol blocked the renin

release, tachycardia, and vasodepression seen with iso-

proterenol but d-propranobob did not. Based on these

data, it was concluded that beta1-adrenergic receptors

mediated renin release in the dog.

Oates et a!. (816) studied the effects of propranolob,

atenobob, metoprobol, practobol, and butoxamine on renin

release in rats anesthetized with thiobarbitone. Prior to

the experiments involving the measurement of PRA, the

doses of the beta-adrenergic antagonists necessary to

achieve equal beta1- and beta2-adrenergic receptor block-

ing effects against isoproterenob were determined in anes-

thetized rats treated with the ganglionic blocker pento-

linium. Atenobob, metoprobob, and propranobol, at doses

that produced equal beta1-adrenergic receptor blockade,

suppressed PRA by 35%, 41%, and 40%, respectively,

despite the fact that these doses of atenobol and meto-

prolob exhibited no beta2-adrenergic receptor blocking

activity. If the doses of atenobob and metoprobob were

increased by 8-fold in order to achieve beta2-adrenergic

receptor blockade, little additional suppression of renin

release was noted. Conversely, when equipotent beta2-

adrenergic receptor blocking doses of atenobob, metopro-

bob, propranobol, and butoxamine were tested, PRA was

lowered by atenobol and metoprobob but not by propran-

obob and butoxamine. Neither beta1- or beta2-adenergic

receptor-blocking doses of practobob affected PRA, and

this lack of effect was attributed to the high intrinsic

activity of practobob. It was concluded that sympatheti-

cally mediated renin release in the rat occurred via beta1-

adrenergic receptors (816). The work of Desaulles et a!.

(273) and Campbell et a!. (180) support this contention.

In the former case, a positive correlation was found

between the degree of inhibition of isoproterenol-induced

renin release in rat renal cortical slices in vitro and the

pA2 values of propranobol, atenobol, practobol, and IPS

339 (a selective beta2-receptor blocker) at cardiac beta1-

receptors (273). More recently Campbell et a!. (180)

found that the cardiosebective betai-adrenergic receptor

agonist H 133/22 at doses that increased heart rate but

did not affect blood pressure, increased PRA 8-fold in

conscious rats (192).

Taken collectively, these results (180, 273, 816) indicate

that beta1-adrenergic receptors are involved in the con-

trob of renin release in rats, but a comprehensive study

conducted in vitro by Capponi et a!. (188) has clouded

the issue. These investigators examined the ability of 15

beta-adrenergic receptor antagonists, over a dose range

of 10_8 to iO� M, to alter isoproterenob (10_6 M) stimu-

bated renin release from rat renal cortical slices. Meto-

probob, acebutobob, babetalol, and d-propranolol had no

effect on adrenergically stimulated renin release at any

concentration whereas pindolob and bufuralol demon-

strated some inhibitory activity at the highest drug con-

centration. Isoproterenob-induced renin release was com-

pletely blocked by d,l-propranobol, l-propranobol, a!pren-

obol, and sotabob at concentrations between 5 x 10_6 M

and 10_6 M, but the renin response to isoproterenob

reappeared as the concentration of antagonist was in-

creased. Finally, practobol, oxprenobob, timobob, nadobol,

and atenobol caused a dose-related inhibition of beta-

adrenergic receptor-mediated renin release. Interest-

ingly, the inhibitory effects of these drugs could not be

explained on the basis of beta1- or beta2-adrenergic re-

ceptor selectivity, intrinsic activity, or local anesthetic

effects. Despite these findings of Capponi et a!. (188),

data obtained from experiments conducted in vivo are

consistent with beta1-receptor-mediated renin release in

the rat (180, 660, 816).

Similar attempts have been made to assess the type of
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beta-adrenergic receptor controlling renin release in hu-

mans (157, 253, 530, 971, 1210). Based on the observation

that practobob blocked orthostasis-induced renin release

in normal subjects, Salvetti et a!. (971) first suggested

that renin release was a betai-adrenergic receptor event

in humans. Later, Buhler et a!. (157) determined the

activity of a group of beta-adrenergic receptor blockers

on supine and exercise-induced renin release in normo-

tensive humans. The cardioselective agents atenobol, bu-

furalob, practolob, and metoprobob; the nonsebective antag-

onists LL/21945, oxprenobob, pindobob, propranobol, and

timobol; and the combined alpha- and beta-adrenergic

receptor blocker babetalol were administered in doses

that caused an equal blockade of exercise-induced tachy-

cardia. All of these drugs lowered stimulated PRA by

30% to 55%. With the exception of oxprenobob, pindolol,

and babetalol, all of these beta-adrenergic receptor block-

ers also caused a significant suppression of supine PRA.

After comparing the data, Buhler et a!. (157) concluded

that cardioselective beta-receptor antagonists with no

intrinsic activity, such as atenobob, suppressed basal PRA

best. The least inhibition of PRA under basal conditions

occurred with nonsebective beta-blockers that possessed

a significant amount of intrinsic activity, such as pindobob.

The beta2-adrenergic receptor agonist salbutamob also

has been used to identify the type of beta-adrenergic

receptors controlling renin release in humans (253, 530).

Johnson et a!. (530) chose doses of isoproterenol and

salbutamol that elicited equal increments in systolic

blood pressure, heart rate, and PRA and equal decre-

ments in diastolic blood pressure in supine, normal sub-

jects. The infusions of these beta-adrenergic receptor

agonists were repeated after three days of treatment with

practobol. The elevation of heart rate and PRA elicited

by either agonist was blocked by practobol in a competi-

tive fashion, as was the fall in diastolic blood pressure

caused by isoproterenol. However, practobol did not pre-

vent the decrement in diastolic blood pressure elicited by

salbutamol. Davies et a!. (253) also compared the effects

of isoproterenol and salbutamol on PRA in normal, re-

cumbent humans. The doses of isoproterenob and salbu-

tamob used in these studies lowered MAP by 14% and

elevated heart rate by 47 and 27 beats/mm, respectively.

Plasma renin activity was increased 80% by isoproterenol

but salbutamob failed to alter PRA despite its equal

hypotensive effect. Salbutamob is a partial agonist at

rena! beta-adrenergic receptors since this drug markedly

attenuated isoproterenob-induced renin release in hu-

mans (1210). Metaproterenol, another beta-adrenergic

receptor agonist with moderate selectivity for beta2-ad-

renergic receptors, has been found to stimulate renin

release in normal humans, and this stimubatory effect

was prevented by pretreatment with propranobob (116,

728). However, the doses of metaproterenol used in these

studies (116) were sufficient to increase heart rate mdi-

cating a considerable amount of beta1-adrenergic recep-

tor activation. Thus, studies (1 16, 253, 530, 728) with

beta2-adrenergic receptor agonists have given support to

the belief that betai-adrenergic receptors mediate renin

release in humans.

The only major objection to renin release being a

betai-adrenergic receptor event in humans arose from

the observation that atenolol (319) and metoprobol (16)

did not lower PRC in hypertensive humans. However, in

both cases (16, 319), PRC was determined by the method

of Skinner et a!. (1021), which measures “total plasma

renin” after the activation of an inactive form of plasma

renin (prorenin) by the dialysis of plasma at pH 3.3.

Although plasma does contain an inactive form of renin,

propranobob has been shown to suppress PRA without

altering PRC (measured as “total plasma renin”) (268).

Likewise, metoprobob was observed to bower PRA by 80%

in hypertensive patients even though PRC was un-

changed (16). Therefore, the fact that atenolob (319) and

metoprobol (16) did not bower PRC as measured by the

method of Skinner et a!. (1021) is not inconsistent with

beta1-achenergic receptor mediation of renin release in

humans.

In conclusion, beta-adrenergic receptor antagonists

suppress basal renin release in animals and humans, and

this inhibition appears to be due to the blockade of beta-

adrenergic receptors located on the granular JG cells of

the kidney. These drugs appear to have some effects on

renal salt and water metabolism and RBF, but it is not

known if these other pharmacologic actions contribute to

their ability to suppress renin release. Beta2-adrenergic

receptors appear to mediate renin release in rabbits and

cats whereas renin release in rats, dogs, and humans is

subserved by betai-adrenergic receptors.

4. Phosphodiesterase inhibitors. Several investigators

have attempted to determine the robe of endogenous

cyclic AMP in the control of renin release by using

inhibitors of phosphodiesterase such as papaverine and

theophylline. The idea was that by inhibiting the degra-

dation of cyclic AMP to 5’-adenosine monophosphate,

these drugs should elevate the concentration of cyclic

AMP in the granular JG cells. Papaverine, which, as a

phosphodiesterase inhibitor, has been reported to be 20

times more potent than theophylline (694), has been used

to impair the actions of the renal baroreceptor in renin

release experiments (350, 357, 405, 535, 1231, 1232). In

1971, the tentative location of the renal baroreceptor was

determined to be at the bevel of the afferent arteriole

since papaverine, which has been found to prevent renal

autoregulation by dilatation of the renal afferent arteri-

oles (1091), blocked hemorrhage-induced renin secretion

from denervated, nonfiltering kidneys in anesthetized

dogs (1231). Papaverine also decreased renin release in

dogs with constriction of the thoracic segment of the

vena cava (1232). Later, Johnson et a!. (535) reported

that the stimulation of renin secretion caused by an

intrarenal arterial infusion of epinephrmne into the non-

ifitering kidneys of anesthetized dogs was prevented by

papaverine. The renin secretion elicited by a similar

infusion of norepinephrine or renal nerve stimulation was

not affected by papaverine. Even though the increased
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renin secretion that results from ureteral occlusion ap-

pears to result from the activation of the renal barore-

ceptor (304), papaverine did not alter the rise in renin

secretion caused by ureteral obstruction in anesthetized

dogs (357). Gotshall et a!. (405) saw no change in renin

secretion when papaverine was given directly into the

kidneys of normal, anesthetized dogs.

On the other hand, several investigators (233, 368,

1231) have reported that an intrarenal arterial infusion

ofpapaverine stimulated renin release. For example, both

Witty et a!. (1231) and Corsini and Baiie (233) noted

that renin secretion doubled and RBF increased when

papaverine was infused intrarenally into anesthetized

dogs with a single nonfiltering denervated kidney. More

recently, Gaa! et a!. (368) found that the intrarenal infu-

sion of papaverine into anesthetized dogs resulted in a

rapid 2.5-fold increase in renin secretion and a 22% rise

in RBF. Blood pressure did not change. Sodium excretion

increased by 55% despite the fact that GFR and the

amount of filtered sodium were depressed by about 25%;

therefore, the increase in sodium excretion probably re-

sulted from the direct inhibition of sodium transported

by papaverine (739). The stimulation of renin secretion

by papaverine (368) no doubt represented the arithmetic

summation of the positive and negative stimuli to renin

release. The natriuresis caused by papaverine constitutes

a negative stimulus to renin release as does the renal

vasodilatation at a constant renal perfusion pressure.

However, Gaal et a!. (368) found that papaverine caused

a concentration-rebated stimulation of renin release from

canine renal cortical slices in vitro. In these experiments,

papaverine (10� M) produced a 33% rise in renin release

associated with an 80% increase in the cyclic AMP con-
tent of the tissue. Therefore, the increase in cyclic AMP

within the granular JG cells appears to be responsible for

the stimulation of renin release by papaverine in vivo,

and this stimulus to renin release must override the

inhibitory effect of increased salt transport at the macula

densa. The possibility that papaverine inhibits ion trans-

port at the macula also must be considered.

In passing, it should be mentioned that Fray (350)

reported that “cumulative perfusate renin activity” was

decreased in the isolated rat kidney perfused with 4 x
i0� M papaverine. It was suggested that vasodilatation

inhibited renin release by depolarizing the granular JG

cells, but for various technical reasons (see the section

on the renal baroreceptor mechanism), the exact signifi-

cance of this finding is not easily discerned. In addition,

Lyons and Churchill (682a) found that papaverine in-

hibited renin secretion from rat renal cortical cell suspen-

sions in vitro.

The effects of theophylline on renin release have been

characterized more thoroughly. Theophylline has been

found to elevate renin release in normotensive humans

(670, 1228, 1265) and normal-renin hypertensive patients

(671, 1265); anesthetized dogs (13, 929, 1112), cats (527),

and rabbits (671); and the isolated perfused kidneys of

rats (882) and rabbits (1157).

Winer et a!. (1228) observed a 3-fold increase in PRA

and sodium excretion when theophylline was adminis-

tered to normotensive humans. Mean arterial pressure

did not change. Pretreatment with propranobob or phen-

tobamine inhibited theophylline-induced renin release. In

contrast, Zehner et a!. (1265) noted that neither propran-

obol nor practobol, both of which suppressed basal PRA

by 30%, altered the 3-fold increase in renal venous PRA

elicited by the i.v. injection of theophylline into patients

with essential hypertension.

In like fashion, Reid et a!. (929) found that pretreat-

ment with phenoxybenzamine or propranobol did not

affect the 2-fold elevation of PRA caused by theophylline

in anesthetized dogs. Treatment with theophylline did

not alter MAP or the plasma bevels of norepinephrine

and epinephrmne. These authors (929) suggested that

although theophyffine might stimulate renin release via

its diuretic effect, a more likely explanation was the

ability of the drug to increase the intracellular levels of

cyclic AMP in the granular JG cells and thus mimic beta-

adrenergic stimulation. In subsequent studies, the same

group of investigators (805) discovered that theophyffine

alone did not stimulate the release of renin from rat renal

cortical slices in vitro, but this agent did potentiate the

release of renin caused by norepinephrmne in this system.

These findings were confirmed when other researchers

(24) found that theophylline brought about a 3-fold en-

hancement of norepinephrmne-induced renin release from

rat renal cortical slices in vitro. The latter observations

(24, 805) are consistent with the original hypothesis,

formulated by Reid et a!. (929), that theophylline, by

inhibiting phosphodiesterases, increased the concentra-

tion of cyclic AMP in the granular JG cells and thereby

potentiated beta-adrenergically mediated renin release.

However, in the absence of measurements of renal cor-

tical cyclic AMP bevels after treatment with theophylline

in vivo, the evidence for such a mechanism is only

circumstantial.

Johns and Singer (527) measured the effect of theo-

phylline on renin release in anesthetized cats with dener-

vated kidneys. In the absence Qf adrenergic innervation

to the kidney, theophylline did not alter PRA or RBF.

Furthermore, pretreatment with theophylline did not

affect furosemide-induced renin release in these animals.

These observations (527), combined with those made

with renal cortical slices in vitro (24, 805), support the

idea that intact sympathetic renal innervation is required

for theophyffine to stimulate renin release.

On the other hand, theophylline has been demon-

strated to elevate renin release from the isolated perfused

kidneys of rats (882) and rabbits (1157). In the isolated

perfused rat kidney, theophylline elicited a concentra-

tion-related increase in renin release that was not blocked

by propranobol (882). The doubling ofrenin release in the
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presence of theophylline was not accompanied by a

change in perfusion pressure or flow. Peart et a!. (882)

pointed out that theophylline had been demonstrated to

cause the release of norepinephrine from sympathetic

nerve endings, but the negative results obtained with

propranobol weighed against a robe for the renal nerves in

theophylline-induced renin release. A similar conclusion

was reached by Viskoper et a!. (1157). They noted that

theophylline decreased renal vascular resistance by 40%,

and increased renin release and urinary sodium excretion

by 50% and 40%, respectively, in the isolated blood-per-

fused rabbit kidney. Propranobol did not alter the eleva-

tion of renin release brought about by theophylline.

Furthermore, studies involving the administration of

theophyffine before and after ureteral occlusion sup-

ported the idea that theophylline stimulated renin release

via the renal baroreceptor, whereas the concomitant

natriuresis caused by theophylline exerted the opposite

effect by increasing sodium transport to the macula

densa. These studies (882, 1157) do not support the

contention that the renal sympathetic nerves are neces-

sary for theophyffine to induce renin release.

In other pharmacologic studies, Oliw et a!. (829) ob-

served that an i.v. infusion of theophylline increased

PRA by 3-fold in anesthetized rabbits. Sodium and po-

tassium excretion, creatinine clearance, and the urinary

clearance of cyclic AMP were elevated, but the concen-

tration of cyclic AMP in the plasma did not change.

Pretreatment with indomethacin did not attenuate the

rise in PRA after theophylline but did lessen theophyl-

line-induced saluresis. Although indomethacin depressed

the renal clearance ofcyclic AMP, theophylline enhanced

the clearance of cyclic AMP to the same extent in the

presence and absence of indomethacin. The data mdi-

cated that prostaglandins did not appear to mediate the

increased release of renin caused by theophylline even

though they might be concerned with the natriuretic

action of the drug. Furthermore, the renal clearance of

cyclic AMP was determined by changes in GFR rather

than by the inhibition of phosphodiesterases. Lastly,

Oliw et a!. (829) pointed out that the rise in RBF seen

after the administration of theophylline might result

from the antagonism of the renal vasoconstrictor effects

of endogenously generated adenosine (849).

Several questions concerning theophylline-induced

renin release remain unanswered. Are the renin-rebeasing

effects of theophylline demonstrable in the denervated

nonfiltering kidney in situ? Does theophylline potentiate

the renin release caused by direct stimulation of the renal

nerves? Is there any relationship between the potency of

different inhibitors of phosphodiesterase and their ability

to stimulate renin release?

Caffeine, in a dose that increased plasma caffeine bevels

from 0 to 12 j�g/ml, was observed to cause PRA to rise

from 1.0 to 1.6 ng of Al/mi/hr in nine healthy supine

individuals who were not taking any medication and who

had abstained from coffee, tea, or chocolate for 21 days

(938). In two subjects on a bow sodium diet, the ingestion

of caffeine raised PRA from 6 to 16 ng of Al/mi/hr.

Robertson et a!. (938) observed a 14 mm Hg rise in MAP,

an increase in sodium excretion, a 2.5-fold increase in

plasma epinephrmne concentration, and a 1.8-fold increase

in plasma norepinephrine bevels in the volunteers ingest-

ing a normal sodium diet. Thus, caffeine, like theophyl-

line, stimulated renin release in humans, but caffeine-

induced renin release may be secondary to the increase

in plasma catechobamines.

The effects of inhibitors of phosphodiesterase, such as

papaverine and theophylline, on renin release have been

studied, but the results obtained with papaverine are not

consistent. Papaverine has been reported to cause an

increase, a decrease, and no change in PRA. However,

papaverine did elicit renin release from canine renal

cortical slices in vitro, and this stimulation was associated

with a rise in the cellular content of cyclic AMP. Theo-

phylline has been found to elevate PRA in humans and

animals and in the isolated perfused kidneys of animals,

but had no effect on renin release from renal cortical

slices in vitro. Although some investigators believe that

intact renal innervation is necessary for theophylline to

increase renin release, propranobob does not inhibit theo-

phylline-induced renin release. In addition, indomethacin

did not affect the rise in PRA caused by theophylline.

Theophylline appears to be a specific antagonist of the

effects of adenosine in the kidney, but it is not known

whether the ability of theophylline to stimulate renin

release is related to the antagonism of the inhibitory

action of adenosine, a direct effect on cyclic AMP bevels

in the granular JG cells, or the renal hemodynamic effects

of the compound. Caffeine has been shown to elicit a

modest increase in PRA in supine humans.

5. Other drugs that affect the sympathetic nervous

system and endogenous catecholamines. A. RESERPINE.

Reserpine is an alkaloid of natural origin that depletes

both central and peripheral catecholamines and in-

doleamines by “poisoning” their storage granules in the

neurons. The effects of reserpine on renin release have

not been well characterized, but a few reports are avail-

able.

In 1961, Dunihue et a!. (296) discovered that a single

dose of reserpine prevented the usual increase in the

granular JG cell index seen in rats after four days of salt

restriction. In the ensuing years, reserpine was reported

to cause an inI�ease (37, 89, 865), no change (569, 733,

738), or a decrease (736, 1014) in PRA in experimental

animals. The treatment of renal hypertensive dogs with

reserpine for three days led to a 2.5-fold elevation of PRA

in association with a 20% decrease in MAP (37). Pa!az-

zoadriano et a!. (865) noted that either single or multiple

doses of reserpine caused a modest (40% to 50%) increase

in PRA in conscious, water-loaded rats. Propranobob did

not prevent the increase in PRA caused by reserpine,
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and the rise in PRA after reserpine was believed to result

from the hypotension caused by the drug. However, the

increase in PRA measured after single or multiple doses

of reserpine was the same despite the fact that the change

in systolic blood pressure after multiple doses (-28%)

was much greater than that seen after a single dose

(-3%).

When blood for the determination of PRA was drawn

from rats after anesthesia with ether, single (569) and

multiple (569, 733, 738) doses of reserpine did not alter

PRA. In these studies, three to four days of therapy with

reserpine lowered the norepinephrmne content of the

heart (738) and kidney (569) by 90% and 64%, respec-

tiveby, but the concentration of epinephrmne in the ache-

na! gland (738) was depressed by only 26%. In conscious

rats, two doses of reserpine given over a 16-hr period

reduced MAP and heart rate by 20% and 30%, respec-

tively, but in one series of experiments (736) PRC de-

creased by 50% and in the other case (733) it was un-

changed. Pretreatment of conscious rats with reserpine

did potentiate the ability of isoproterenob to stimulate

renin release and bower blood pressure (736) and blocked

the ability of tyramine to inhibit renin release (865).

Silverman and Barajas (1014) found that PRA fell

from 5.0 to 2.4 ng of Al/mb/hr in ether-anesthetized rats

given reserpine 4 hr before sacrifice. Concomitantly, tis-

sue renin content and the granular JG cell index in-

creased 3-fold. At this time, all monoamine-specific flu-

orescence in the kidney had disappeared, and this dis-

appearance coincided with the depletion (-81%) of the

norepinephrmne content of the kidney.

Thus, reserpine appears to be capable of decreasing

the concentration of norepinephrmne in the kidney (569,

1014) and lowering blood pressure (37, 733, 736, 865) in

experimental animals, but no consistent pattern of

change in renin release has been observed. The effects of

reserpine on renin release are in need of further study.

B. GUANETHIDINE AND BRETYLIUM. Guanethidine and

bretylium prevent the release of norepinephrmne from

peripheral sympathetic neurons but do not inhibit the

release ofcatecholamines from the adrenal medulla (118).

In addition, guanethidine also depletes catecholamine

stores in peripheral sympathetic neurons. Both drugs

block the neuronal uptake of catecholamines and thus

produce supersensitivity toward circulating catechol-

amines (476). Multiple dose therapy with these sympa-

thetic neuronal blocking agents beads to a decrease in

blood pressure.

Guanethidine has been reported both to increase (542,

672, 736, 894) and decrease (569, 737) PRA in experimen-

tel animals and hypertensive humans. Meyer et a!. (736)

found that guanethidine increased PRC by 3.7- and 2-

fold in conscious normal and adrenalectomized rats, re-

spectively. Blood pressure was not altered by guanethi-

dine in either group of animals, but a significant decrease

in heart rate occurred. Guanethidine also potentiated the

elevation of PRC caused by isoproterenol. The adminis-

tration of guanethidine 24 hr before sacrifice, to deplete

the neuronal levels of norepinephrmne, and 2 hr prior to

sacrifice, to “paralyze” the sympathetic neurons, resulted

in a 25% increase in SRA in conscious, sodium-depleted

rats (894).

When blood for the determination of PRA was ob-

tained from rats after anesthesia with ether, guanethidine

(569, 737) and bretylium (737) decreased PRA by 25% to

45%. A single dose of guanethidine depleted the renal

stores of norepinephrine by 35% but did not cause a

change in renal renin concentration (569). Guanethidine

potentiated the renin release elicited by phentolamine,

and bretylium accentuated the renin release caused by

hydralazine. As a result, Meyer et a!. (737) suggested that

guanethidine and bretylium decreased PRA by prevent-

ing the release of norepinephrine from peripheral sym-

pathetic neurons and potentiated the renin-rebeasing ef-

fects of phentobamine and hydralazine by enhancing the

action of catechobamines released from the adrenal me-

dulla. Guanethidine did not block the stimulation of

renin release seen during renal ischemia in anesthetized

rats (568).

In hypertensive patients treated chronically with gua-

nethidine, renin release was stimulated (542, 672) in

association with a decrease in the urinary excretion of

norepinephrine (542). In one of these clinical studies

(672), guanethidine was found to elevate PRA into the

normal range in patients with bow-renin hypertension,

and this stimulation appeared to be rebated to the hypo-

tensive action of the drug. The treatment of hypertensive

patients with guanethidine has been noted to result in a

large decrease in RPF and GFR in the standing position

(934), and Lowder and Liddle (672) felt this may be the

mechanism by which guanethidine stimulated renin

release.

C. INHIBITORS OF NEURONAL CATECHOLAMINE UP-

TAKE. The effects of these agents on renin release have

been studied very little. Meyer and Hertting (734) mea-

sured PRC in ether-anesthetized rats pretreated with

cocaine, desipramine, and amitriptyline. These inhibitors

ofuptakei had no effect on basal PRC or the renin release

caused by isoproterenol. However, as might be expected,

these drugs did enhance the renin release elicited by

phentobamine. The batter observation is consistent with

the fact that phentolamine stimulates renin release by

reflexly increasing the release of norepinephrine from the

renal sympathetic nerves. Cocaine caused a 45% elevation

of renin release from rat renal cortical slices in vitro (24),

presumably by preventing the neuronal uptake of nor-

epinephrine being released spontaneously by the tissue.

The effect of chronic therapy with the various tricyclic

antidepressants on renin release in humans and experi-

mental animals has not been studied.

D. 6-HYDROXYDOPAMINE. The neurotoxin 6-hydroxy-

dopamine is taken up by the peripheral sympathetic

neurons, which are then destroyed by an intracellular

action of the compound. Because 6-hydroxydopamine is
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frequently used to produce functional adrenergic dener-

vation in cardiovascular studies, it is important to know

how this agent affects renin release.

Meyer et a!. (738) gave multiple i.v. doses of 6-hydrox-

ydopamine to rats and found that cardiac norepinephrine

stores were decreased by 84% whereas the concentration

of epinephrine in the adrenal gland rose by 33%. Basal

PRC, after ether anesthesia, was unchanged. The renin

release elicited by isoproterenol was enhanced, but the

rise in PRC caused by phentolamine was greatly reduced.

Other investigators (569) found that the treatment of

rats with 6-hydroxydopamine reduced the norepineph-

rine content of the heart by 88% but reduced the stores

in the kidney by only 38%. Plasma renin activity and the

renin content of the kidney were not changed after ether

anesthesia and the renin release caused by renal ischemia

was not prevented. When blood for the measurement of

SRA was obtained from 6-hydroxydopamine-treated an-

imals after decapitation, SRA was unchanged even

though the norepinephrine concentration of the kidneys

was decreased by 35% (T.K. Keeton, unpublished obser-

vations). The intracerebroventricular injection of 6-hy-

droxydopamine into young spontaneously hypertensive

rats attenuated the development of high blood pressure

and bed to a 3-fold elevation of PRA (845).

Porlier et a!. (913) administered 6-hydroxydopamine

to conscious, normotensive dogs and noted that blood

pressure decreased rapidly. This hypotension was accom-

panied by a 6-fold elevation of PRA and a 3-fold increase

in plasma catecholamine levels. Plasma renin activity

remained elevated for one week but had returned to the

control levels, as had MAP, by the end of 2 weeks. The

stimulation of renin release after 6-hydroxydopamine

was thought to be the result of 1) a decrease in blood

pressure, 2) an increase in the circulating bevels of cate-

cholamines, and/or 3) a decrease in the sodium load at

the macula densa.

E. GANGLIONIC STIMULANTS. Dimethybphenybpiper-

azinium, given either i.v. or intrarenally, has been re-

ported to increase renin release in anesthetized dogs

(164). In urethane-anesthetized rats, Alexandre et a!. (12)

found that the pressor effects of physostigmine were

accompanied by a rise in PRA. The beta-adrenergic

antagonists propranobob, oxprenobob, and pindobob in-

hibited the increase in PRA but enhanced the hyperten-

sion caused by physostigmine. Conversely, phenoxybenz-

amine blocked the pressor effects of physostigmine but

did not alter the ability of this drug to elevate PRA.

Thus, the generalized increase in peripheral sympathetic

nerve activity caused by physostigmine appeared to re-

suit in an increase in the stimulation of beta-adrenergic

receptors located on the granular JG cells. In this partic-

ular case, it must be assumed that the stimulatory effect

of nerve activity on renin release overrode the inhibitory

effect on renin release of an increase in renal perfusion

pressure.

6. Cholinergic antagonists. A. NICOTINIC ANTAGO-

NISTS. Ganglionic-bbocking drugs inhibit neurotransmis-

sion in the paravertebral ganglia by occupying nicotinic

receptors. The changes in heart rate and blood pressure

seen after these drugs have been administered are depen-

dent on the preexisting state of sympathetic and cholin-

ergic tone. In man, where vaga! tone usually predomi-

nates, a mild tachycardia often accompanies ganglionic

blockade (1163), but in the rat, where sympathetic tone

predominates, a bradycardia is observed after ganglionic

blockade (571). Similarly, the high incidence of ortho-

static hypotension in humans treated with ganglionic

blockers emphasizes the importance of existing sympa-

thetic tone in determining the magnitude of the vasode-

pressor response (1163). Ganglionic blockade had been

demonstrated to decrease the concentration of norepi-

nephrmne in the plasma of humans (538) and rats (930).

Concerning the renal effects of ganglionic blockade, Mur-

phy et a!. (779) have shown that urine flow and RBF are

maintained after the administration of hexamethonium

to anesthetized dogs despite the fact that blood pressure

decreased. In addition, pentolinium restored RBF to

above control levels after rena! vasoconstriction was in-

duced reflexly by reducing carotid sinus pressure to 45

mm Hg in anesthetized dogs (885).

In 1967, Bozovic and Castenfors (123, 124) reported

that pentolinium attenuated the rise in PRA induced by

swimming exercise and pain in rats. This agent also

significantly lessened the renin release elicited by hem-

orrhage, hydralazine, and hemorrhage plus hydralazine

in anesthetized rats but had only a modest inhibitory

effect on the elevation in PRA caused by bilateral carotid

occlusion. When given to anesthetized rats, pentolinium

itself caused PRA to double. In contrast, one group of

investigators (593) reported that pentolinium decreased

PRC as blood pressure was lowered in anesthetized rats.

Pettinger et a!. (890) found that chborisondamine brought

about a dose-rebated elevation of SRA in conscious rats

that was not affected by pretreatment with propranobob.

Chborisondamine also increased SRA by 2-fold in sodium-

depleted rats (894). Although pempidine did not alter

PRC in anesthetized rats, Meyer et a!. (736, 738) observed

that trimethidinium elevated PRC by 3-fold in conscious

rats, and phenybephrmne prevented this effect of trimeth-

idiium. The same investigators found that camphidon-

ium elevated PRC by 2-fold in one group of anesthetized

rats (731) but had no effect in another series of experi-

ments (738). Chborisondamine, given either i.p. or s.c.,

has been found to bower MAP in conscious rats, but PRA

was increased only after the drug was given s.c. (W.B.

Campbell, unpublished observations). However, differ-

ences in the route of injection cannot explain the dispar-

ate results obtained with camphidonium (731, 738).

In more recent studies designed to determine the

mechanism by which ganglionic blockade stimulates

renin release, Keeton and Pettinger (571) found, in con-

scious rats, that chborisondamine increased SRA by 2-

fold and decreased MAP and heart rate by 40% and 14%,
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respectively. Since propranobol did not alter the renin-

releasing effects of chborisondamine, it was reasoned that

the reduction in MAP caused by this drug activated renin

release via the renal baroreceptor and/or the macula

densa. To test the batter possibility, animals were treated

with deoxycorticosterone acetate and saline drinking wa-

ter for two days. Even though salt-loading lowered basal

SRA by 90%, the ability of chiorisondamine to stimulate

renin release was not blunted. In fact, the elevation of

SRA by chlorisondamine after salt-loading was actually

much greater than the percentage increase seen after

chborisondamine in states of normal sodium balance. In

salt-loaded rats, chlorisondamine decreased MAP and

heart rate by 30% and 11%, respectively. Based on these

data, the authors concluded that chborisondamine ebe-

vated renin release by the hypotensive activation of the

renal baroreceptor. Chborisondamine also was found to

inhibit by 72% the rise in SRA induced by phentolamine.

Prostaglandins appear to play an important robe in

chlorisondamine-induced renin release. Campbell et a!.

(180) discovered that the 2.7-fold increase in SRA seen

after s.c. administration of chborisondamine to conscious

rats was completely blocked by a dose of indomethacin

that prevented arachidonate-induced hypotension and

markedly suppressed the urinary excretion of PGE2 and

PGF2�. The hypotension and bradycardia caused by

chlorisondamine was not affected by indomethacin.

When MAP was lowered from 140 to 65 mm Hg with

trimethaphan in conscious renal hypertensive dogs, PRA

increased 3-fold (37). Lifschitz and Horwitz (658) noted

that PRA increased by 60% when the blood pressure of

conscious dogs was lowered by 17 to 37 mm Hg with

pentolinium. Conversely, an earlier report (1238) indi-

cated that pentolinium decreased blood pressure in nor-

ma! dogs and dogs with coarctation of the aorta, but

PRA did not change. Nolan and Reid (803) observed that

PRA fell by 55% when renal perfusion pressure was held

constant during pentobinium-induced hypotension in

anesthetized dogs. They believed that this fall in PRA

was due to the decrease in renal sympathetic tone that

ensued after ganglionic blockade and that this decrease

in PRA was usually masked by the stimulation of renin

release by hypotensive activation of the renal barorecep-

tor. Ganglionic blockade also prevented the renin release

precipitated by hemorrhage in anesthetized dogs (164).

In hypertensive patients, pentolinium (509, 538) and

trimethaphan (259, 768) decreased blood pressure by 20

to 25 mm Hg but did not change PRA. In one of these

studies (538), plasma norepinephrmne content decreased

by 32% after pentolinium. It is conceivable that in hu-

mans the decrement in renin release that occurred after

decreasing sympathetic nerve activity was counterbal-

anced by the stimulation of renin release by the renal

baroreceptor. Kaneko et a!. (554) found that the increase

in PRA and decrease in RBF caused by the administra-

tion of a hypotensive dose of sodium nitroprusside to

normotensive and hypertensive humans was prevented

by either pentolinium or trimethaphan.

B. MUSCARINIC ANTAGONISTS. Very little information

is available about the effects of muscarinic antagonists

on renin release. Atropine has been reported to cause a

2-fold increase in PRA in conscious rats, but the mech-

anism of this release is unknown (894). Cbonidine re-

versed the ability of atropine to elevate PRA.

C. Cardiac Glycosides

Despite the widespread use of cardiac gbycosides in the

treatment of congestive heart failure in humans, little is

known of the effects of this class of drugs on renin release.

In a brief report published in 1976, Antonello et a!. (23)

reported that PRA decreased by 50% within 30 min after

the i.v. injection of digoxin into supine hypertensive

patients. Plasma renin activity remained suppressed by

40% for up to 3 hr and then slowly increased during the

next 2-hr period. The inhibition of renin release was

related to the plasma concentration of digoxin. In a more

recent brief report (330) from the same laboratory, the

rise in PRA brought about by the administration of a

single oral dose of furosemide to hypertensive patients

was greatly attenuated by the subsequent administration

of digoxin. The inhibitory effect of digoxin developed

rapidly, when the concentration of digoxin in the plasma

was stifi quite low, and was thought to be related to the

concentration of digoxin in the tubular urine. An intra-

renal infusion of ouabain has also been demonstrated to

prevent furosemide-stimubated renin secretion in con-

scious sheep (99). Pretreatment of the patients with the

beta-adrenergic antagonist oxprenobob partially blocked

furosemide-induced renin release, but digoxin was not

able to prevent the residual response to furosemide (330).

As pointed out by Ferrari (330), the digitalis glycoside

could affect renin release by inhibiting ion transport

(presumably at the granular JG cells or the macula

densa), causing hemodynamic changes or exerting an

antiadrenergic effect. The last mechanism was favored

because of the data obtained with oxprenobob and furo-

semide.

The idea that cardiac glycosides inhibit renin release

by altering sympathetic neurotransmission is supported

by data obtained in experimental animals (727, 1082).

For example, both digitoxin and acetyldigitoxin reduced

the cardiac chronotrophic response to sympathetic nerve

stimulation and epinephrmne in anesthetized dogs with

denervated hearts (7). Thames (1082) demonstrated that
the intracoronary injection or epicardia! application of

acetylstrophanthidin caused a reflex reduction in renal

sympathetic nerve activity via cardiac receptors with

vaga! afferent fibers. Decrements in renal nerve activity

were evoked by small doses of acetylstrophanthidin that

did not reflexby bower MAP or heart rate. It was also

mentioned that an intracoronary injection of ouabain

caused a bradycardia, hypotension, and a decrease in

renin release, but this effect of ouabain on renin release

was not studied systematically. In addition, the reflex,

hemodynamic responses to acetylstrophanthidin were
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similar to those observed after the intracoronary injec-

tion ofthe veratrum alkaloid cryptenamine (1081). Cryp-

tenamine also lowered heart rate, blood pressure, and

renin secretion in anesthetized dogs by the activation of

ventricular receptors with vagal afferents. These similar

effects of digitalis and veratrum alkaloids, as pointed out

by Thames (1082), may result from the marked structural

similarities between the two classes of compounds. There

is evidence to support the belief that the renal nerves are

responsible for the renal vasoconstriction (57) and aug-

mented renin release (1179) seen in congestive heart

failure, and cardiac receptors with vagal afferent fibers

may have a reduced sensitivity in heart failure. This

being the case, Thames (1082) suggested that the effect

of digitalis on renin release would be greatest in conges-

tive heart failure since basal renal nerve activity would

be high and basal cardiac receptor stimulation would be

low. In this respect, the relative ability of cardiac glyco-

sides to inhibit renin release in normal humans and

patients with congestive heart failure needs to be deter-

mined.

Ouabain did not affect basal renin release in anesthe-

tized dogs (218) or conscious sheep (99), but the intra-

renal infusion of ouabain did block the rise in renin

secretion caused by uretera! occlusion or a decrease in

renal perfusion pressure (218). Because ouabain was

known to increase the intracellular concentration of so-

dium ion (703), it was concluded that ouabain inhibited

the stimulation of renin release caused by these two

interventions by increasing the intracellular concentra-

tion of sodium in the cells of the macula densa. This

conclusion gained support from the observation that

renkn release from rat renal cortical slices in vitro did

appear to be inversely related to the intracellular concen-

tration of sodium (680). Renin release from the slices was

directly rebated to the sodium concentration of the me-

dium; however, when the normal extrusion of sodium

from the cells was impaired by inhibiting sodium-potas-

sium ATPase with ouabain, renin release was inversely

related to the sodium content of the medium (680).

A slightly different ionic mechanism of action was

suggested to account for the blockade by ouabain of

furosemide-induced renin release in conscious sheep (99).

Furosemide had been determined to stimulate renin

release by an action at the macula densa in conscious,

papaverine-treated sheep (96). Presumably, furosemide

decreased the transport of chloride into the macula

densa, thus enhancing renin release, and ouabain blocked

this action by depolarizing the macula densa cells and

allowing the passive redistribution of chloride into these

cells. However, it should be pointed out that ouabain did

not change the magnitude or the duration of the renin

release that followed the addition of ethacrynic acid to

isolated, superfused rat gbomeruli (64). Ouabain did not

affect the basal release of renin from isolated, superfused

rat gbomeruli (64) or rena! cortical cell suspensions in

vitro (681), but did suppress renin release from renal

cortical slices in vitro (213a, 873). The suppression of

renin release in the batter case was shown to be dependent

on the presence of extracellular calcium.

D. Diuretics

The scientific literature concerning the effects of di-

uretic agents on renin release, like that concerning renin

release in general, is almost overwhelming. We have

already noted that changes in sodium (and possibly chbo-

ride) transport within the renal tubule have a profound

effect on renin release, and, as would be expected from

this observation, diuretic drugs have the ability to alter

renin release. In general, diuretic drugs increase renin

release because they decrease plasma volume and thus

activation of the renal baroreceptor and sympathetic

nervous system mechanisms controlling renin release.

After prolonged treatment with diuretics, the depletion

of total body sodium beads to activation of the macuba

densa. It is also possible for diuretic agents to cause an

immediate increase in renin release by inhibiting sodium

and/or chloride transport at the macula densa, by direct

activation of the renal baroreceptor, by altering renal

sympathetic nerve traffic, or by a direct effect on the

granular JG cells. Therefore, we must try to distinguish

between the direct effects of the drugs on renin release

and their indirect effects on renin release that are me-

diated via changes in salt and water balance.

1. Furosemide, ethacrynic acid, and bumetanide. Fu-

rosemide and ethacrynic acid, which were introduced for

clinical use in the mid-1960s, and the more recently

developed drug bumetanide, are powerful natriuretic and

diuretic drugs that are commonly referred to as “loop”

or “high-ceiling” diuretics. Furosemide has been dem-

onstrated to increase renin release in anesthetized rabbits

(740, 510, 830), anesthetized cats (527, 1040), anesthetized

dogs (44-46, 72, 235, 294, 373, 516, 518, 787, 847, 1082a,

1120), conscious dogs (75), anesthetized rats (171, 451,

955, 1063, 1240, 1241), conscious rats (539, 637, 864), and

conscious sheep (96, 99). Ethacrynic acid has been shown

to increase renin release in anesthetized (230, 303, 357,

516) and conscious (1042) dogs while bumetanide in-

creased remn release in both anesthetized (516) and

conscious dogs (835) and in rats (796). Both ethacrynic

acid (391) and bumetanide have (834) low diuretic po-

tency in the rat, and, as a result, the ability of these two

drugs to alter renin release in this species has not been

studied extensively. All three agents significantly in-

crease PRA in humans (vide infra).

The elevation of PRA elicited by these “loop” diuret-

ics, furosemide in particular, is of great interest for three

reasons. First, furosemide enjoys widespread use in din-

ical medicine, and this drug can cause iatrogenic changes

in renin and aldosterone secretion. Secondly, furosemide

is used diagnostically to determine renin responsiveness

for the classification of patients with bow-renin hyperten-

sion (556). Lastly, furosemide alters renin release by

several different mechanisms that appear to be prefer-

entialby activated as a function of the dose and time after

administration of furosemide.
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The renal effects of furosemide (1219), ethacrynic acid

(1219), and bumetanide (834) have been reviewed re-

centby, but their actions on ion transport and RBF are of

more immediate importance in our discussion since these

actions can affect renin release. In 1973, Burg and Green

(168) and Rocha and Kokko (943) presented firm evi-

dence for the active transport of chloride, rather than

sodium, in the medullary and cortical segments of the

thick ascending limb of the loop of Henle. Sodium reab-

sorption in this segment of the renal tubule appears to

occur passively. Subsequently, it was demonstrated that

both furosemide (169) and ethacrynic acid (167) inhibit

active chloride transport, and thus sodium reabsorption,

in the ascending limb of Henle’s loop. Because the cel-

lular effects of bumetarnde in this region of the renal

tubule are very similar to those of furosemide (512), it is

probable that bumetanide also inhibits active chloride

transport in the ascending limb of Henle’s loop. In addi-

tion, tububogbomerular feedback of urine flow rate in the

early proximal tubule in the rat is critically dependent

on chloride transport across the macula densa cells, and

this feedback is blocked by furosemide (989). Wright and

Schnermann (1235) have found that ethacrynic acid

failed to alter tubuloglomerular feedback in rat nephrons,

but this drug is also relatively ineffective in inhibiting

chloride transport in the loop of Henle in this species.

Therefore, it is tempting to speculate that all “loop”

diuretics will inhibit chloride transport at the macube

densa if they have the ability to inhibit chloride transport

in the loop of Henle. In this respect, it is of interest to

note that the cells of the macuba densa are morphobogi-

cally similar to the epithebial cells of the thick ascending

limb of Henle’s loop (1236).

It is also important to realize that furosemide, etha-

crynic acid, and bumetanide have direct effects on RBF

that are not rebated to their diuretic activity. Soon after

furosemide and ethacrynic acid were introduced, it was

learned that these drugs increased renal cortical blood

flow and decreased flow in the juxtamedullary cortex and

outer renal medulla (93). Many investigators have noted

that furosemide (44, 46, 75, 93, 235, 294, 491, 501, 675,

740, 787, 1120), ethacrynic acid (284, 303, 357, 501, 1222),

and bumetanide (832, 834, 835) increased total RBF in

several species of animals by lowering renal vascular

resistance. In fact, Dbuhy et a!. (284) have suggested that

renal vasodilatation might be a characteristic effect of

diuretic agents that act at the loop of Henle. It should

also be pointed out that furosemide (294) and ethacrynic

acid (284, 303) have been shown to block the autoregu-

lation of RBF in the canine kidney; however, the effect

is short-lived. Baffle et a!. (46) originally suggested that

the increment in RBF caused by furosemide in anesthe-

tized dogs was due either to a direct effect on the renal

vasculature or was a consequence of the increase in

intratububar pressure that accompanies high rates of

urine flow. However, Corsii et a!. (235) noted that

furosemide elevated RBF in anesthetized dogs with a

single nonfiltering kidney. Since urine was not being

produced in these kidneys, furosemide-induced vasodi-

batation would appear to result from a direct effect of the

drug rather than the increase in intratubular pressure

accompanying diuresis. At about this same time, Wil-

liamson et a!. (1220, 1221) discovered that indomethacin

prevented the 25% increase in RBF caused by a small

dose (0.2 mg/kg) of furosemide but did not significantly

affect the natriuretic and diuretic activity of this drug in

the anesthetized dog. Since the renal venous concentra-

tion of PGE, but not PGA or PGF, was elevated by this

dose of furosemide, and since indomethacin also pre-

vented the increase in PGE production, they hypothe-

sized that furosemide-induced vasodilatation was me-

diated by PGE. Baffle et a!. (44) found that indomethacin

blocked the renal vasodilatation caused by a large dose

(5 mg/kg) of furosemide in anesthetized dogs, and similar

results have been reported by other investigators (247,

294). Subsequently, indomethacin was observed to pre-

vent the renal vasodilatation elicited by ethacrynic acid

(1222) and bumetanide (832) in anesthetized dogs.

Researchers have noted that the increase in RBF

precipitated by treatment with furosemide depends on

the initial status of renal vascular resistance (303, 675,

1040). For example, furosemide has been shown to ele-

vate RBF to a greater extent in anesthetized, baparotom-

ized dogs than in conscious dogs (676, 1273). Likewise,

the effect of indomethacin on RBF varies with the animal

preparation employed. For example, Terragno et a!.

(1080) found that a significant portion of RBF in surgi-

cally stressed dogs, unlike RBF in conscious or anesthe-

tized dogs, was maintained by the production of a vaso-

dilatory prostaglandin. Along these same lines, Olsen and

Ahnfelt-Ronne (835) found that bumetanide elevated the

renal production of PGE in conscious dogs but Neilson

and Arrigoni-Martelli (796) failed to do so in anesthe-

tized, baparotomized dogs. In both cases (796, 835) indo-

methacin prevented the increase in RBF elicited by

bumetanide. Therefore, the effects of “loop” diuretics

and indomethacin on RBF and renal prostaglandin pro-

duction are partially dependent on the absence or pres-

ence of anesthesia and/or surgical stress.

Even though PGE has been implicated as the mediator

of the renal vasodilatation caused by furosemide (1221),

ethacryrnc acid (1222), and bumetanide (796), the possi-

biity that another vasodilatory prostaglandin might me-

diate the response cannot be discounted. For example,

furosemide reduced renal vascular resistance in the iso-

lated perfused rat kidney, a model in which PGE2 in-

creased renal vascular resistance; however, as in other

systems, furosemide-induced vasodilatation was blocked

by indomethacin (765). It is tempting to speculate that

the renal vasodilatation elicited by “loop” diuretics is due

to the increased production of PGI2 within the renal

vasculature. On the other hand, Olsen and Ahnfelt-
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Ronne (835) have suggested that the elevation of RBF

observed in conscious dogs after the injection of bume-

tanide may result from an increase in activity of the

kallikrein-kinin system. In this case, bumetanide also

increased the urinary concentration of PGE, but PGE

production had returned to normal at a time when RBF

was still augmented; therefore, the time course of the

increase in RBF correlated more closely with the time

course of increased kallikrein excretion. Indomethacin

attenuated the increase in urinary kallikrein excretion as

it blocked the elevation of RBF brought about by bu-

metanide (835). Olsen (832) also reiterated the suggestion

(46) that the increase in urine flow induced by “loop”

diuretics may be the cause of the afferent arteriobar

vasodilatation. In addition, the 2- to 4-fold elevation of

renal capsular pressure caused by these diuretic agents

(832) will result in a mechanical rise in interstitial pres-

sure that can itself activate the synthesis of prostaglan-

dins (834).

In conclusion, the exact mechanism by which furose-

mide, ethacrynic acid, and bumetanide elevate RBF can-

not be stated with certainty, but it appears that this

hemodynamic effect is mediated via prostagbandins, the

kallikrein-kinin system, an increase in proximal tubular

pressure, or some combination of these factors. It is

generally agreed that inhibitors of prostaglandin synthe-

tase will prevent the increment in RBF elicited by these

drugs.

In the years since Fraser et a!. (349) and Laragh et a!.

(631) first noted that furosemide increased PRA in hu-

mans, several different mechanisms have been proposed

to account for this effect of furosemide. Despite the

concerted efforts of many groups of investigators, the

exact mechanism(s) by which furosemide elevates renin

release is still a subject of controversy and confusion.

Meyer et a!. (740) found that furosemide caused a 3- to

5-fold increment in PRA in anesthetized rabbits with a

single kidney. Expansion of the extracellular fluid volume

with isotonic saline or albumin partially prevented the

rise in PRA caused by furosemide, and these investiga-

tors concluded that furosemide stimulated renin release

by an intrarena! mechanism, either by increasing the

sodium concentration of the tubular urine in the area of

the macula densa or by inhibiting sodium transport at

the macula densa. It should be remembered that these

studies were performed at a time when there was a

controversy as to whether an increase or decrease in

sodium transport at the macula densa stimulated renin

release. Meyer et a!. (740), like earlier researchers (93),

noted that furosemide caused a 25% to 30% increase in

RBF that was thought to be due to a direct action of

furosemide on the renal vasculature.

Vander and Carlson (1120) determined that small

doses of furosemide (0.1 mg/kg), in anesthetized dogs,

caused a significant natriuresis without altering renin

release whereas larger doses (0.5 to 2.5 mg/kg) caused an

immediate increase in renal venous PRA. However, if

sodium depletion was allowed to occur after a small dose

of furosemide, renin release was eventually increased but

could be returned to control values if the salt and water

bosses were restored. Renin release elicited by the larger

doses of furosemide was not affected by the replacement

of salt and water losses and was thought to be due to

furosemide-mediated inhibition of sodium transport at

the macula densa cells. Cooke et a!. (230) came to a

similar conclusion when they observed that the elevation

of renal venous PRA caused by ethacrynic acid in anes-

thetized dogs was not due to a decrement in plasma

volume. Other researchers have presented data to mdi-

cate that ethacrynic acid blocks the chemoreceptor func-

tion of the macuba densa cells (357). Thus, ethacrynic

acid, bike furosemide, appeared to have a direct effect on

renin release that might involve the macuba densa. Imbs

et al. (516) found that furosemide (20 mg/kg) caused a

biphasic elevation of renin secretion from the denervated

kidneys of anesthesized dogs. Renin secretion increased

12-fold at 15 mm, returned to near control values at 1 hr,

and then rose to 13 times the control levels during the 3-

to 5-hr period after the i.v. injection of furosemide. In

agreement with Vander and Carlson (1120), Imbs et a!.

(516) found that the prevention of salt and water bosses,

effected by an anastomosis of the ureter with the iliac

vein, did not block the immediate stimubatory effect of

furosemide on renin secretion. However, this interven-

tion did prevent the secondary rise in renin secretion

normally observed 3 to 5 hr after furosemide. Lastly,

volume expansion with an i.v. infusion of saline did not

prevent furosemide-induced renin release in anesthetized

rats (115).

At this time, many researchers began to combine both

physiologic and pharmacologic interventions in an at-

tempt to discern the mechanism(s) by which furosemide

stimulated the release of renin. Ganong (373) found that

furosemide (5 mg/kg) elicited a 2-fold elevation of PRA

in anesthetized dogs with the peak increase occurring at

15 to 30 mm. This increased renifl release did not appear

to involve volume depletion since the excreted urine was

infused into the venous circulation, and the elevation of

PRA had completely subsided by 120 min after injection.

Pretreatment with propranobob failed to change the mag-

nitude or the time course of furosemide-induced renin

release. Although phenoxybenzamine elevated basal

renin release, furosemide stifi produced an additional

increment in PRA. Johns and Singer (527) found that

furosemide (2.5 mg/kg) elicited a 3-fold increase in PRA

in anesthetized cats with denervated kidneys. Although

propranobol suppressed basal renin release by 60%, it did

not affect the increase in PRA caused by furosemide. In

addition, the phophodiesterase inhibitor theophylline did

not alter furosemide-induced renin release; therefore,

they concluded that furosemide did not elevate renin

release by a cyclic AMP-dependent mechanism. The
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latter observation is consistent with the finding that the

adenylate cyclase system does not seem to be involved in

the diuretic action of furosemide in the rat (850). Con-

sistent with earlier reports, lacobeffi et al. (510) noted

that oxprenobob did not affect the magnitude or the

chronology of the renin release elicited by furosemide (10

mg/kg) in conscious rabbits.

On the other hand, Corsini et a!. (235) and Osborn et

a!. (847) noted that d- and d,l-propranobol were abbe to

prevent the increase in renin secretion caused by furo-

semide (5 mg/kg) in the nonfiltering kidney, but not in

the filtering kidney, of the anesthetized dog. The lack of

an effect of propranobol on furosemide-induced renin

release in the ifitering kidney is consistent with earlier

observations (373, 527). Of great interest was the fact

that furosemide did not vasodilate either the filtering or

nonfibtering kidney in the presence of d- or d,l-propran-

obol (235, 847). Thus, the ability of furosemide to elicit

renin release in the filtering kidney in the presence of

propranobob appeared to be due to the presence of the

macula densa control mechanism, and propranobol

seemed to prevent the stimulation of renin release from

the nonfiltering kidney by blocking the vascular effects

of furosemide. Whereas d-propranobol lowered the basal

rate of renin secretion in both the ifitering and nonfibter-

ing kidney, bidocaine had no consistent effect on basal

renin secretion but did impair furosemide-induced renin

secretion in the nonfiltering kidney. In addition, either

d- or d,l-propranobob prevented the elevation of renin

secretion elicited by furosemide in the denervated, non-

filtering kidney. Thus, the ability of propranobob to miti-

gate the increase in renin secretion that follows treatment

of the nonfiltering canine kidney with furosemide ap-

peared to be due in part to the membrane-stabilizing

effects of propranobob. Furthermore, this dose (5 mg/kg)

of furosemide stimulated renin secretion by an action on

both the renal baroreceptor and the macula densa (235,

847). Consistent with these conclusions, Imbs et a!. (516)

discovered that propranobol or ureterovenous anasto-

mosis prevented the bate, but not the early, rise in renin

secretion that follows the injection of furosemide (5 mg/

kg) into anesthetized dogs with denervated kidneys. The

early stimulation by furosemide was probably due to an

action at the macuba densa whereas the stimulation at

later times was due to activation of the renal barorecep-

tor, by volume depletion, and thus was blocked by pro-

pranobol or volume repletion (516). Propranobol also has

been shown to prevent furosemide-induced renin release

in saline-expanded, anesthetized rats (115).

Since propranobob appears to antagonize the vascular

effects of furosemide, it cannot be used to determine

whether a component of furosemide-induced renin

release is mediated by the sympathetic nervous system.

However, this problem can be circumvented by observing

the effect of furosemide on renin release in the presence

and absence of the renal sympathetic nerves. Naughton

et a!. (787) studied the effects of small doses (0.05 to 0.10

mg/kg/hr) and barge doses (0.5 to 2 mg/kg/hr) of furo-

semide on renin secretion in anesthetized dogs with a

single innervated or devervated kidney. In dogs with

innervated kidneys, small doses of furosemide slowly

elevated renin secretion if salt and water losses were not

replaced; however, large doses of furosemide caused an

immediate 3-fold increase in renin secretion even when

salt and water bosses were replaced. Large, but not small,

doses of furosemide also lowered renal vascular resist-

ance. Rena! denervation decreased basal renin secretion

by 90%, caused a 3-fold increase in sodium excretion, and

decreased renal vascular resistance by 33%. More impor-

tantly, denervation greatly impaired the renin secretion

caused by furosemide even when a large volume deficit

was allowed to occur. Likewise, when renin secretion was

stimulated from innervated kidneys for 1 hr by the infu-

sion of a large dose of furosemide (in the absence of

volume depletion), renal denervation led to a chop in the

rate of renin secretion. It was concluded that renal neu-

rogenic tone was a necessary factor for the increase in

renin secretion seen during the early phase of volume

depletion caused by a low dose of furosemide that did

not have an effect on the renal vasculature or the macala

densa. Similarly, neurogenic tone was thought to be a

necessary factor for the release of renin by a large dose

of furosemide in the absence of volume depletion (787).

Stella and Zanchetti (1040) also examined the effects

of renal denervation on small (0.75 mg/kg) and large

doses (6 mg/kg) of furosemide infused into anesthetized

cats. In each animal, one kidney was denervated and the

innervation of the other kidney was left intact, and the

change in renin secretion was measured 30 mm after drug

treatment. Injection of the small dose of furosemide

caused a 3.5-fold elevation of renin secretion from the

innervated kidney with no significant change (1.6-fold

increase) occurring in the denervated kidney. However,

the barge dose of furosemide increased renin secretion to

the same extent in both the innervated and denervated

kidney. None of these responses was affected by ache-

nalectomy. Therefore, the immediate stimulatory effect

of furosemide appeared to have a neural component at

small doses but was independent of the renal nerves at

large doses. Since the larger dose of furosemide used by

Naughton et a!. (787) did not exceed the smaller dose

used by Stella and Zanchetti (1040), the observations

made in these two studies are in agreement. Stella and

Zanchetti (1040) proposed that renal nerve activity may

be stimulated indirectly by furosemide. Furosemide has

been shown to increase venous capacitance (280), and

the subsequent decrement in venous return to the heart

would decrease nerve activity in the vagal afferent fibers

arising from the bow pressure volume receptors in the

cardiopulmonary region. A lack of activation of these

vagal afferents would then lead to an increase in rena!

nerve traffic. Of course, a similar neural activation would

occur with larger doses of furosemide, but denervation

would have no effect in this case because these larger
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CONTROL OF RENIN RELEASE 163

doses of furosemide increased renin secretion by other

nonneural mechanisms. Imbs et a!. (516) also have shown

that furosemide (5 mg/kg), ethacrynic acid (5 mg/kg),

and bumetanide (0.25 mg/kg) elicited a 6- to 11-fold

increase in renin secretion from the denervated kidneys

of anesthetized dogs.

More recently, Thames and DiBona (1082a) deter-

mined the effect of a low frequency of stimulation of the

renal sympathetic nerves on renin secretion in the pres-

ence and absence of furosemide. When a small dose of

furosemide (1 mg/kg by bobus followed by 0.017 mg/kg/

mi�) was infused i.v. into anesthetized dogs, renin secre-

tion increased 4.8-fold. Although the stimulation of the

renal nerves at 0.25 Hz did not affect renin secretion or

RBF, it did potentiate (16.4-fold increase) the elevation

of renin secretion caused by the simultaneous adminis-

tration offurosemide. Consistent with the previous report

of Stella and Zanchetti (1040), these investigators (1082a)

found that this dose of furosemide elicited a greater rise

in renin secretion from innervated kidneys as compared

to denervated kidneys. Based on these data, Thames and

DiBona (1082a) concluded that a very low bevel of renal

nerve activity, which by itself had no effect on renin

secretion, augmented the renin release mediated by non-

neural mechanisms.

Considerable evidence supports the idea that “loop”

diuretics increase renin release by activating the renal

barbreceptor mechanism. For example, these drugs elicit

renal vasodilatation and renin secretion in the dener-

vated, nonfiltering canine kidney, an action that suggests

a vascular mechanism (847). If “loop” diuretics do indeed

elevate renin release through vasodilatation, then prior

dilatation of the renal vasculature should decrease the

ability of these agents to elicit renin release. In this

respect, prior dilatation of the nonfibtering kidneys of

anesthetized dogs with an intrarena! arterial infusion of

acetylcholine or papaverine prevented the increase in
renin secretion and RBF usually observed after furose-

mide (5 mg/kg) (235). However, furosemide still stimu-

bated renin secretion from the acetybcholine-dilated, fib-

tering kidney via a macula densa mechanism (235). Eide

et a!. (303) studied the effects of ethacrynic acid (3 mg/

kg) on renin secretion from anesthetized dogs with de-

nervated kidneys. Fluid losses were constantly replaced

with isotonic saline and the animals were given propran-

olol. Ethacrynic acid alone brought about a 54% increase

in RBF and a 20-fold stimulation of renin secretion. If

renal perfusion was lowered from 136 to 62 mm Hg, i.e.

below the autoregulatory range, renin secretion increased

10-fold as renal vascular resistance decreased. The ad-

ministration of ethacrynic acid at this point caused no

further increment in renin secretion or decrement in

renal vascular resistance. Therefore, ethacrynic acid was

thought to stimulate renin secretion by a vascular action

involving afferent arteriolar vasodilatation. This conclu-

sion is in accord with the experiments of Freeman et a!.

(357), who noted that ethacrynic acid failed to elicit any

further renin secretion during ureteral occlusion, a ma-

neuver that also causes afferent arteriobar dilatation. It

is interesting to note that propranobob did not block the

renal vasodilatation caused by ethacrynic acid (303)

whereas it did prevent the renal vasodilatation caused by

furosemide (235, 847).

Blame (96), with the same approach in conscious sheep

during volume repletion, noted that furosemide (1 mg/

kg) stifi elevated renin secretion 3-fold after vasodilata-

tion of the kidney with an intrarenal arterial infusion of

papaverine. Unfortunately, these experiments shed little

light on the vascular action of furosemide since furose-

mide was abbe to stimulate renin secretion by either the

macula densa or the sympathetic nervous system. Some-

what rebated to the vascular effects of furosemide on

renin release, Lauterwein et a!. (637) discovered that the

vasoconstrictor agents All, octapressin, and phenyleph-

line abolished the renin release caused by furosemide (10

mg/kg) in anesthetized rats.

Since “loop” diuretics, under certain experimental cir-

cumstances, can be shown to stimulate renin release by

what appears to be a renal vascular mechanism, the

question arises as to which inputs to the renal barore-

ceptor are altered. For instance, if the renal vasculature

is dilated, i.e. r and r0 are increased, at a constant renal

perfusion pressure, then circumferential stress would be

increased and renin release would be inhibited. However,

if renal interstitial pressure is elevated sufficiently by the

“loop” diuretics (590, 617), both circumferential stress

and the transmural pressure gradient would decrease in

spite of the vasodilatation and renin release would be

increased. Furthermore, bumetanide has been shown to

elevate renal subcapsular pressure 3- to 4-fold in anes-

thetized dogs (832, 834), and, since the renal capsule is

relatively inelastic, renal interstitial pressure also would

rise (460, 834). With the formula for circumferential stress

and the values of P, P0, r, and r0 mentioned in the

section on the renal baroreceptor, it can be calculated

that an increase in interstitial pressure (P0) from 5 to 25

mm Hg would result in a significant chop in circumfer-

ential stress even if the afferent arteriole was maximally

dilated and renal perfusion pressure remained constant.

Prostaglandins also may be involved in the stimulation

of renin release by “loop” diuretics. Baiie et a!. (45)

reported that indomethacin or mecbofenamate prevented

the rise in renin secretion caused by furosemide (0.1, 1.0,

4.0, or 7.0 mg/kg) in anesthetized dogs. Although pre-

treatment with indomethacin failed to alter the natri-

uretic or diuretic effects offurosemide (45), indomethacin

suppressed basal renin secretion by 70% to 80% (44, 45

and blocked the vasodilatatory effects offurosemide (44).

As would be expected, indomethacin suppressed renal

PGE production to undetectable levels. Baiie et al. con-

cluded that indomethacin antagonized furosemide-in-

duced renin secretion at both the vascular and macula

densa sites and that both control mechanisms might be

modified by prostaglandins. Recently, Noordewier et a!.
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164 KEETON AND CAMPBELL

(806) found that the prostaglandin inhibitor tolmetin also

prevented furosemide-induced renin release in anesthe-

tized dogs.

Indomethacin also partially blocked the increase in

renal venous PRA caused by furosemide (5 mg/kg) in

anesthetized rabbits receiving fluid replacement (830).

However, unlike previous studies in dogs (45, 1220),

inhibition of prostaglandin synthesis with indomethacin

severely reduced the natriuretic and diuretic effects of

furosemide (830). Olsen and Ahnfebt-Ronne (835) have

noted that indomethacin attenuated the absolute in-

crease in urinary volume elicited by bumetanide in con-

scious dogs. In these studies, bumetanide (0.25 mg/kg)

elevated PRA by 7-fold, RBF by 25%, urinary PGE

concentration 3-fold, and urinary kallikrein excretion by

8-fold; all of these changes were prevented by pretreat-

ment with indomethacin. As a result, it was suggested

that activation of the intrarenal prostaglandin or kinin

systems, rather than the macula densa, mediated the

increase in renin release brought about by bumetanide.

However, fluid bosses were not replaced, and the partial

inhibition of bumetanide-induced diuresis by indometh-

acm may have prevented activation of the bow-pressure

cardiopulmonary receptors that alter renal nerve traffic.

Since careful examination of the data reveals that inhi-

bition of prostaglandin synthesis depressed RBF, salt

excretion, and urinary volume in anesthetized animals

(45, 75, 324, 510, 1064, 1080), but not in conscious animals,

(75, 835, 1064), the ability of nonsteroidal antiinflamma-

tory drugs to alter the effects of “loop” diuretics on salt

and water excretion appears to depend not only on a

species difference but also on the experimental protocol.

For these reasons, the experimental protocol must be

considered when investigators invoke the hypothesis that

indomethacin may prevent furosemide-induced renin

release by altering the effects of furosemide on salt ex-

cretion or the chemoreceptor function of the macula

densa.

If “loop” diuretics do indeed stimulate renin release by

increasing the production of prostaglandins within the

kidney, which prostaglandins are involved and how do

they alter renin release? As mentioned in the section on

prostagbandins, PGE2, PGD2, and PGI2 elicit renin release

and increase RBF in the absence of a change in salt or

water excretion. These prostaglandins appear to elevate

renin release by activation of the renal baroreceptor and/

or by a direct effect on the granular JG cells. These

prostaglandins, like the “loop” diuretics, may activate

the renal baroreceptor by decreasing the transmural pres-

sure gradient or circumferential stress at the afferent

arteriole and may mediate part of the increase in renal

interstitial pressure caused by “loop” diuretics. For this

reason, it would be of great interest to determine whether

furosemide can elicit an increase in renal subcapsubar

pressure in the nonfiltering kidney, and if such an in-

crease can be prevented by indomethacin.

As for other drugs, the effects of “loop” diuretics on

renin release from the isolated perfused kidney (491, 765,

1128, 1132) and renal cortical slices in vitro (64, 234, 681,

682) have been studied. When Hofbauer et a!. (491)

infused furosemide into an isolated rat kidney perfused

with an electrolyte solution containing protein and bo-

vine red blood cells, renin release increased about 4-fold

while RPF and sodium excretion also rose. Other re-

searchers (1128, 1132) have noted that furosemide stim-

ulated renin release from the isolated perfused rat kidney

in the absence of any change in perfusion pressure or

flow. In these experiments, furosemide was believed to

have a direct effect on the granular JG cells (1128).

Moore and Hook (765) found that furosemide lowered

renal perfusion pressure and elevated renin release 2-fold

when injected into the isolated perfused rat kidney. Pre-

treatment with indomethacin prevented the vasodilata-

tion, but not the stimulation of renin release, caused by

furosemide. However, this perfusion system did not con-

tan protein or dextran, and since both flow and sodium

reabsorption in the isolated perfused kidney are highly

dependent on the oncotic pressure of the perfusate (664),

furosemide may have stimulated renin release by a non-

prostaglandin dependent mechanism involving ion move-

ment at the granular JG cells (64).

When Corsini et al. (234) tested furosemide in vitro at

a concentration of i0� M, no statistically significant

increase in renin release was observed. However, in these

experiments the rat renal cortical slices did not respond

to catecholamines either, so the results with furosemide

were not conclusive. Lyon and Churchill (682) also found

that i0� M furosemide failed to elevate renin release

from rat renal slices in vitro, but later (681) they reported

that furosemide in concentrations ranging from i05 to

io-3 M increased renin release (by 40%) from rat renal

cortical cell suspensions. Similarly, ethacrynic acid (10�

M) caused a 100% increase in renin release from isolated

superfused rat gbomerubi (64). DeSaulles and Schwartz

(273a) found that the stimulation by furosemide (10� M)

of renin secretion from rat renal cortical slices in vitro

was not affected by indomethacin. Therefore, as pre-

dicted by the in vivo studies, these drugs can have a

direct effect on the granular JG cells. It is not known

whether this direct effect on renin release involves alter-

ations in ion transport or cell volume.

To recapitulate briefly before considering the charac-

terization of the renin-releasing effects of “loop” diuretics

in humans, these agents appear to increase renin release

by both a direct and indirect effect on the macula densa.

The direct effect appears to involve the blockade of

sodium or chloride transport into these chemoreceptor

cells whereas the indirect effect develops slowly as a

result of salt and water bosses. These conclusions are

supported by the fact that those researchers (787, 1120)

who found that furosemide-induced renin release was

prevented by volume repletion used small doses whereas

those investigators (230, 740, 787, 1120) who reported

that furosemide-induced renin release was not affected
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by fluid replacement used larger doses. Larger doses of

“loop” diuretics also increase renin release via the renal

baroreceptor, possibly by elevating renal interstitial pres-

sure. In addition, ongoing renal nerve activity appears to

amplify the ability of these drugs to increase renin

release. It is possible that the renin release caused by

“loop” diuretics is mediated by renal prostaglandins since

blockade of prostaglandin synthesis prevents the stimu-

lation of renin release. Finally, “loop” diuretics can di-

rectly stimulate the release of renin from the granular JG

cells by an unknown mechanism. Activation of each of

these control mechanisms may depend on the dose of

these drugs, the time after injection, and the species

involved. It is easy to see why investigators in this field

have presented so many different, and often conflicting,

theories to explain the effects of “loop” diuretics on renin

release.

In 1965, Fraser et a!. (349) reported that i.v. furosemide

caused an immediate 2-fold elevation of PRA in normo-

tensive humans. In the ensuing years, many groups of

investigators have reported similar results in normoten-

sive and hypertensive humans. Unfortunately, most of

these studies are purely descriptive and fail to give any

insight into the mechanism by which “loop” diuretics

increase renin release in man. Furosemide, in single and

multiple doses ofO.29 to 1.14 mg/kg (assuming an average

patient weight of 70 kg), caused a 1.3- to 5-fold increase

in PRA in both normotensive and hypertensive humans

(2, 3, 34, 190, 208, 228, 289, 291, 292, 299, 308, 349, 364,

477, 506, 543, 556, 622, 650, 741, 774, 822, 860, 877, 906,

955, 959, 966, 970, 1074, 1100, 1171, 1191, 1264, 1271). In

a similar fashion, bumetanide (0.03 mg/kg) (1146) and

ethacrynic acid (1.4 to 4.3 mg/kg) (369, 1228) elevated

PRA by 2- to 5-fold in normotensive man. Unfortunately,

in many of these studies (2, 3, 190, 208, 291, 292, 364, 543,

556, 1074, 1100, 1171) the administration of furosemide

was followed by variable periods of ambulation before

collecting blood for PRA measurements. Since attain-

ment of upright posture in man increases renin release

through activation ofthe renal sympathetic nerves (1261)

and the renal afferent arteriobar baroreceptor (1065),

mainly those studies (34, 369, 477, 506, 622, 650, 774, 822,

860, 906, 955, 959, 1171, 1191, 1264, 1271) conducted with

the patients in a supine position will be considered in the

analysis of furosemide-induced renin release in humans.

The route and duration of treatment with furosemide are

other factors that may determine the mechanism by

which furosemide alters renin release (190, 208, 292, 308,

506, 877, 970, 1074, 1100, 1171). With regard to the direct

renin-rebeasing effects of furosemide in humans, we con-

sider those studies (34, 299, 506, 622, 650, 774, 822, 906,

955, 959, 1 191, 1264, 1271) involving the measurement of

PRA soon after the i.v. furosemide to recumbent subjects

to be the most meaningful for purposes of pharmacologic

analysis. It should be pointed out that the doses of

furosemide (0.29 to 1.14 mg/kg) used in these studies (34,

228, 299, 364, 477, 622, 650, 774, 822, 860, 955, 959, 1191,

1264, 1271) correspond to the small doses of the drug

used in the animal studies discussed above.

A single i.v. dose of furosemide (0.29 to 1.14 mg/kg)

has been observed to cause a 2- to 5-fold peak elevation

of PRA within 10 to 20 mm in supine normotensive and

hypertensive humans (364, 477, 955, 959, 1191, 1264), and

renin release remained elevated during the next 1 to 2 hr

(34, 228, 299, 308, 364, 477, 622, 774, 822, 860, 955, 959,

1191, 1264, 1271). Several investigators have noted a

biphasic increase in PRA after either the i.v. (959, 1271)

or oral (308) administration of furosemide. After an av-

erage 3-fold elevation of PRA at 10 to 20 mm after the

injection, PRA declined to about twice the control values.

About 90 to 120 mm after furosemide, PRA began to rise

again (959, 1271). Ten mm after injecting furosemide into

normotensive humans, Rosenthal et a!. (955) observed a

3.3-fold increase in PRA and a marked natriuresis, and

Padfiebd et a!. (860) found a close correlation between

the change in PRC and urinary sodium output after the

injection of furosemide. In contrast to the latter obser-

vation, other researchers (741, 822) found no relationship

between the increment in PRC and sodium excretion

after either furosemide (822) or ethacrynic acid (741). In

a similar fashion, there is disagreement about the rate of

decline of PRA after the initial stimulatory effect of

furosemide in relation to sodium excretion. Like previous

investigators (955), Weber et a!. (1191) observed a 5-fold

increase in PRA, associated with a vigorous natriuresis,

within 10 mm after the injection of furosemide into

normal humans. Plasma renin activity declined over the

next 50 mm as the natriuretic effect of the drug peaked.

On the other hand, Muiesan et a!. (774) reported that

PRA did not decline during the 30- to 60-mm period after

the injection of furosemide into normal subjects despite

the fact that sodium excretion was greatly elevated at

this time. The dose of furosemide was the same in both

studies (774, 1191).

Because PRA began to increase in concert with an

increase in hematocrit, Rosenthal et a!. (955) concluded

that furosemide-induced renin release was the result of

a decrease in plasma volume. However, Hesse and Nieb-

sen (477) determined that 0.5 biter of saline i.v. to nor-

motensive subjects during the first 30 �in after furose-

mide reduced or abolished the hemoconcentration with-

out altering the rise in PRA. They also pointed out that

the rise in PRA preceded the increase in packed cell

volume. In a similar fashion, the oral administration of

bumetanide to normal subjects led to an increase in PRA

before natriuresis had begun (1 146). Since the 2-fold

elevation of PRA was accompanied by an increase in

GFR, the initial increase in PRA was thought to be a

result of renal vasodilatation rather than of a decrease in

plasma volume. However, during the later period of

bumetanide diuresis, when much more sodium had been

excreted, a further elevation (4-fold) of renin release

occurred. The observation that GFR was decreased at

this point suggests that the later increment in PRA was
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due to a decrease in plasma volume (1146). In this re-

spect, the infusion of isotonic saline 2 hr after i.v. furo-

semide did suppress PRA values back to control levels

(822, 1271). In addition, Meyer et a!. (741) found that the

2-fold increase in PRA observed 60 mm after i.v. etha-

crynic acid (0.67 to 0.86 mg/kg) into normal humans was

suppressed by the simultaneous infusion of pobyvinylpyr-

rolidone or salt-free dextran. A close inverse correlation

was noted between changes in PRA and variations in

blood volume. These studies (477, 741, 822, 955, 1146,

1271) are in complete accord with the results obtained

with furosemide (1120) and ethacrynic acid (230) in ani-

mals, i.e. the late, but not the early, renin-rebeasing effects

of “loop” diuretics are due to a decrement in plasma

volume.

In an attempt to elucidate the mechanism by which

“loop” diuretics bring about an increase in renin release

in humans, researchers (34, 228, 299, 308, 364, 369, 650,

679, 774, 877, 906, 959, 966, 995, 1074, 1228, 1264) have

tested the ability of a variety of pharmacologic agents to

alter this release. In 1969, Winer et a!. (1228) reported

that the increase in PRA brought about by i.v. ethacrynic

acid in normal humans was blocked by propranobol.

However, this observation is not surprising since the

treatment with ethacrynic acid was followed by 3 hr of

ambulation, a maneuver known to elevate renin release

by activating the renal sympathetic nerves (1261). Some

years later, Phillippi et a!. (906) observed that a small i.v.

dose of propranobol, which lessened the rise in PRA that

attended the attainment of upright posture, failed to

alter the increase in PRA elicited by furosemide in su-

pine, normotensive humans. When a larger dose of pro-

pranobob was given by mouth before furosemide treat-

ment, furosemide-induced renin release was blocked.

They suggested that furosemide either caused a strong

stimulation of the sympathetic nerves or propranobol was

acting through a mechanism that did not involve beta-

adrenergic antagonism. Timobol, a nonselective beta-

blocker, lowered basal PRA and prevented the increase

in PRA seen between 1 and 3 hr after i.v. furosemide in

supine, normotensive, and hypertensive human (679,

995). In studies with normal, recumbent humans, Attman

et a!. (34) found that propranobob and the cardioselective

beta-adrenergic antagonist metoprobol lowered basal

PRA values and blocked 70% to 80% of the increment in

PRA caused by i.v. furosemide. On the other hand,

practobol, another beta1-adrenergic antagonist, failed to

alter the 2-fold elevation of renal venous PRA elicited by

furosemide in hypertensive patients (1264). In these stud-

ies (1264), a small i.v. dose of propranobob prevented 65%

of the rise in renal venous PRA seen after furosemide.

In a more comprehensive study, Leonetti et a!. (650)

studied the effect of increasing doses of propranobol on

furosemide-induced renin release. While on a controlled

sodium intake, hypertensive patients received increasing

oral doses of propranobob for 5 to 7 days, and the renin

response to furosemide was determined at the end of

each propranobol treatment period. The smallest dose of

propranobol suppressed basal PRA values by 80% and

prevented 65% of furosemide-stimulated renin release.

Larger doses of propranobob caused further, but less dra-

matic, decrements in basal PRA values and a greater

inhibition of the renin release seen after furosemide.

Leonetti et a!. (650) concluded that this dose of furose-

mide increased PRA via a neural mechanism. This con-

tention was strengthened by the observation that furo-

semide caused a 50% increase in plasma norepinephrmne

levels within 15 mm in supine normotensive and hyper-

tensive humans (774). Plasma epinephrmne content was

unchanged. In the batter studies, Muiesan et a!. (774)

discovered that oxprenobob did not affect basal PRA

values but did block about 50% of the 3-fold increase in

PRA observed 30 �in after the injection of furosemide.

The magnitude of furosemide-induced diuresis and na-

triuresis was the same in the presence and absence of

oxprenolob. Also of interest is the fact that oxprenobol

completely prevented the rise in plasma norepinephrine

concentration brought about by furosemide. Muiesan et

a!. (774) also detected a striking increase in the urinary

excretion of norepinephrine during the first 15 mm after

furosemide, but this 13-fold increase in urinary norepi-

nephrine concentration was not affected by pretreatment

with oxprenobol. Earlier investigators (464) found that

both furosemide and ethacrynic acid caused a large in-

crease in total catecholamine excretion in normal hu-

mans. In the case of furosemide, a marked diuresis pre-

ceded the increase in catecholamine excretion by 30 mm.

After ethacrynic acid, the rise in catechobamine excretion

and the diuresis occurred concomitantly. Replacement of

furosemide-induced volume bosses prevented the ob-
served increase in catecholamine excretion; therefore, it

was concluded that the stimulation of the sympathetic

nervous system was dependent on the total reduction in

plasma volume and the rapidity of fluid boss. Thus,

pretreatment with beta-adrenergic antagonists has been

shown to prevent or attenuate both the early (774, 906,

1264) and late (650, 679, 774, 995) rise in PRA caused by

the i.v. administration of furosemide to humans.

Taken collectively, these reports (34, 464, 650, 679, 774,

906, 995, 1228, 1264) do indeed indicate that furosemide

stimulates renin release in humans by activation of the

peripheral sympathetic nervous system. This idea is con-

sistent with the animal experiments involving renal de-

nervation and small doses of furosemide (787, 1040). The

observations with beta-adrenergic antagonists made in

animals and humans appear to be contradictory, since

propranobol (235, 373, 830, 847) and oxprenobob (510) did

not alter the increase in renin release precipitated by

giving furosemide to anesthetized dogs, cats, and rabbits,

but this discrepancy is probably related to the doses of

furosemide used in the respective studies. That is, large

doses (2.5 to 10 mg/kg, i.v.) of furosemide were used in

the animal studies (373, 510, 527, 847, 1040) whereas

small doses (0.57 to 0.70 mg/kg, i.v.) were employed in
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human experiments (34, 650, 679,’774, 906, 995, 1228,

1264). As described above, the renin release caused by

small doses of furosemide (0.75 mg/kg) in cats was pre-

vented by prior renal denervation whereas renal dener-

vation did not lessen the stimulation of renin release

elicited by large doses (6 mg/kg) of furosemide (1040).

Thus, the large doses of furosemide used in the beta-

achenergic-antagonist-furosemide studies in animals may

have had direct stimulatory effects on renin release that

were independent of patent renal innervation.

We return to the question of how furosemide stimu-

lates renin release by a neural mechanism. Stella and

Zanchetti (1040) have proposed that a decrease in right

atria! pressure after furosemide may increase renal nerve

activity via the low pressure cardiopulmonary receptors.

In this respect, furosemide has been demonstrated to

increase venous capacitance in patients with congestive

heart failure (280) and to decrease left atria! pressure in

hypervolemic, anesthetized dogs (119). In addition, Hesse

et a!. (477, 480) found that furosemide lowered right and

left atria! pressures by 78% and 48%, respectively, in

normotensive humans while increasing PRA by 2-fold.

However, the parallel development of hemoconcentra-

tion and a decrease in right atrial pressure, with no

change in venous tone, indicated that the decrement in

filling pressure for the heart after furosemide was due to

the contraction of plasma volume. Furthermore, replace-

ment of volume bosses by i.v. saline prevented the drop

in right atria! pressure, but not the early rise in PRA,

caused by furosemide. Based on these studies, Hesse et

a!. (477, 480) decided that the low pressure cardiopul-

monary receptors are not involved in the immediate

elevation of renin release brought about by furosemide

in humans. In the final analysis, we are faced with two

possibilities concerning the early rise in PRA caused by

furosemide. Either furosemide indirectly activates the

sympathetic nervous system by some pathway yet to be

defined or beta-adrenergic antagonists prevent furose-

mide-induced renin release in humans by a mechanism

that does not involve the blockade of beta-adrenergic

receptors.

Little evidence supports the idea that “loop” diuretics

increase renin release in humans by activating the renal

baroreceptor even though furosemide (1165), bumetanide

(525, 558), and ethacrynic acid (923) have been demon-

strated to elevate RPF by 15% to 30% in humans. Fur-

thermore, to our knowledge, no one has determined if

furosemide stimulates vasodilatation and renin release in

the denervated kidneys of humans who have a function-

ing renal allograft. On the other hand, do the “loop”

diuretics elicit renin release and vasodilatation in the

kidneys of anuric patients with nonfiltering kidneys? If

furosemide does cause renin release and vasodilatation

in the nonfiltering, human kidney, are these effects of

furosemide blocked by propranobol? The answer to these

questions will help researchers to discern if “loop” di-

uretics elevate PRA by a vascular action in humans and

whether the vascular effects of these drugs are lessened

by beta-adrenergic antagonists.

Several studies (364, 877, 966, 1074, 1191) strongly

indicate that prostaglandins are involved in furosemide-

induced renin release in humans. In 1975, Patak et a!.

(877) found that PRA values rose from 0.73 to 2.35 ng of

Al/mb/hr and blood pressure fell after treating normo-

tensive and hypertensive humans with furosemide orally

for four days. Furosemide therapy was then discontinued

for 4 days after which time the patients received the

prostaglandin synthesis inhibitor indomethacin for four

days. Indomethacin lowered basal PRA values to 0.17 ng

of Al/mb/hr. When challenged again with furosemide in

the presence of indomethacin, PRA rose to 0.51 ng of AI/

mb/hr but blood pressure did not fall. The natriuretic

effect of furosemide also was attenuated by indometha-

din. Although these data (877) suggest that prostaglan-

dins are involved in furosemide-induced renin release,

several important points should be considered before

accepting this interpretation. For instance, after pro-

longed treatment with furosemide, a decrease in plasma

volume has been shown to be the major stimulus to renin

release (970). Indomethacin blunted the natriuretic effect

of furosemide enough to prevent a drop in blood pressure;

therefore, indomethacin may have lessened the decrease

in plasma volume caused by furosemide. In addition,

although indomethacin lowered basal PRA values by

75%, the percentage increase (about a 3-fold) in PRA

after furosemide was the same in the absence and pres-

ence of indomethacin. Thus, furosemide stifi stimulated

renin release in the presence of indomethacin, but the

absolute PRA value achieved was lower than the value

observed in the absence of indomethacin.

In a similar fashion, Rumpf et a!. (966) found that the

renin response to furosemide was maintained at a lower

level after chronic therapy with indomethacin. Four

hours after giving an oral dose of furosemide to normal

humans, PRA rose from 3.1 to 11.7 ng of Al per ml per

hr (a 3.8-fold increase) in the absence of indomethacin

whereas PRA climbed from 1.6 to 5 ng of Al per ml per

hr (a 3.1-fold increase) after 2 days of treatment with

indomethacin. Thus, renin release still increased after

furosemide in indomethacin-treated patients, but the

absolute PRA value observed was bower because indo-

methacin had suppressed basal PRA values by 50%.

Other investigators (1074) have confirmed that therapy

with multiple doses of indomethacin lessened the bate

rise in renin release observed after giving furosemide to

normal humans, but these studies (877, 966, 1074) shed

little light on the role of prostaglandins in the immediate

stimulation of renin release caused by furosemide. In

addition, the suppression of prostagbandin products was

not verified in any of the studies. Fortunately, Frolich et

a!. (364) addressed this problem. When normal subjects

were given indomethacin orally for 2 days, PRA and the

urinary excretion of PGE were decreased by 45% and

55%, respectively. In the absence of indomethacin, furo-
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semide (20 mg, i.v.) elevated PRA from 5.5 to 13.5 ng of

Al per ml per hr at 10 mm after the injection. When

prostagbandin synthesis was inhibited, PRA rose from 3

to 3.5 ng of Al per ml per hr within 10 mm after furose-

mide; therefore, indomethacin completely prevented the

immediate increase in renin release elicited by furose-

mide. Accordingly, these authors (364) felt that the early

effect of furosemide on renin release was due to an

increase in renal prostaglandin production. As in previous

studies (877), indomethacin significantly lessened the

sodium boss elicited by furosemide, and this action of

indomethacin was not due to a pharmacokinetic drug

interaction (364). Although indomethacin itself lowered

the urinary excretion of sodium, indomethacin has been

shown to suppress renin release by a mechanism that

does not appear to involve sodium retention (286, 966).

Frolich et a!. (364) concluded that indomethacin pre-

vented the immediate stimulatory effect of furosemide

on renin release by the inhibition of prostaglandin syn-

thesis rather than by causing sodium retention. Paren-

thetically, indomethacin was shown not to affect the

renin-renin substrate reaction in vitro (364).

The belief that prostaglandins are involved in furose-

mide-induced renin release was strengthened when We-

ber et a!. (1191) discovered that furosemide caused the

release of arachidonic acid, a prostaglandin precursor,

into the blood of normal humans. Ten minutes after

furosemide, the plasma levels of arachidonic acid were

elevated by 60%, and PRA was increased 5-fold. At this

point, PRA began to decline even though the plasma

concentration of arachidomc acid remained elevated for

at least 1 hr. The urinary excretion of PGF20 increased

after furosemide, and PGF20 production peaked (2.8-fold

increase) between 30 and 60 mm, a time corresponding

to the maximal excretion of sodium. Indomethacin pre-

treatment completely blocked the change in arachidomc

acid, PRA, and PGF� seen after furosemide, but did not

alter the amount of sodium excreted. Thus, the release

of arachidonic acid, which is the rate limiting step in

prostaglandin synthesis, appeared to be the primary

mechanism by which furosemide increased prostaglandin

biosynthesis and renin release. The scenario presented to

explain the biphasic effect of furosemide on renin release

was that furosemide first activa,ted a phospholipase,

which, in turn, catalyzed the liberation of arachidonic

acid, possibly from cells of the vascular wall. The in-

creased availability of arachidonic acid led to a greater

production of PGE2 in the kidney, which, in turn, elicited

vasodilatation and renin release. This effect on renin

release may have been enhanced by the fact that furo-

semide inhibits PGE2-9-ketoreductase, the enzyme that

converts PGE2 to PGF2a (1053). As sodium excretion

increased, PGE2-9-ketoreductase was activated, and

renal PGF2a production rose. The latter compound has

been demonstrated to inhibit renin release in vivo (555)

and in vitro (221). This was thought to account for the

later fall in PRA. However, the reader must realize that

the stimulatory prostagbandin is probably PGI2 (1207a).

In addition, although the “loop” diuretics and indometh-

acin have been demonstrated to cause a variable amount

of inhibition of the enzymes involved in the metabolism

of prostagbandins (947, 1053), the exact importance of

these actions in vivo are unknown. Furthermore, it is not

known how indomethacin prevents the release of arach-

idonic acid.

Other compounds have been demonstrated to alter the

renin release caused by “loop” diuretics (228, 299, 308,

369, 959). Rosenthal et a!. (959) reported that somatosta-

tin (growth hormone release-inhibitory hormone) had no

direct effect on renin release, and yet this peptide blocked

about 50% of furosemide-stimulated renin release. The

natriuretic and diuretic effects of furosemide were not

affected by somatostatin, and somatostatin inhibited the

late rise in PRA more than the immediate increase in

PRA. The authors (959) pointed out that somatostatin

had been shown to lower cyclic AMP levels in cells

exposed to prostaglandins and concluded that somatosta-

tin inhibited the increase in PRA caused by furosemide

by an action on a renal adenylate cyclase system. Growth

hormone itselfhad no effect on furosemide-induced renin

release (228). Treatment with bromocriptine, a long-act-

ing dopamine agonist, elevated basal PRA values and

increased the maximal increase in PRA seen after i.v.

furosemide in recumbent, normal humans. Urinary vol-

ume and electrolyte excretion were not altered by bro-

mocriptine (228). The mechanism by which bromocrip-

tine potentiates the renin release elicited by furosemide

is unknown. The serotonin antigonist cyproheptadine

has been shown to block 25% to 60% of the increase in

PRA caused by treating normal volunteers with oral

furosemide (308). Over the 4-hr period after furosemide,

a bimodal elevation of PRA was observed, and cyprohep-

tadine blocked the later increase in reni.n release more

than the early increase. Although the authors felt that

cyproheptadine acted via central serotoninergic path-

ways, it is possible that cyproheptadine may have atten-

uated the sodium loss precipitated by furosemide. Unfor-

tunately, urinary volume and electrolyte excretion were

not measured (308). In addition, cyproheptadine has

weak activity as an inhibitor of prostaglandin synthetase

(551). Finally, a chronic, pressor infusion of All lowered

basal PRA and completely prevented the stimulation of

renin release caused by ethacrynic acid in supine, normal

humans (369).

In genera!, the “loop” diuretics appear to stimulate

renin release in humans by the same mechanisms that

have been identified in animal studies. It appears that

the “loop” diuretics, furosemide in particular, elevate

renin release in humans by activation of 1) the macala

densa cells, 2) the renal sympathetic nerves, and 3) the

renal prostaglandin system. The strongest evidence, a!-

though indirect, supports an action of these saluretic

drugs on the renal sympathetic nerves and the renal

prostaglandin system. However, a great amount of corn-
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mitted research is needed to clarify the means by which

“loop” diuretics increase PRA in humans.

2. Other diuretic drugs. While the “1oop” diuretics

(furosemide, ethacrynic acid, and bumetanide) appear to

stimulate renin release via mechanisms that are not

dependent on the loss of sodium and water, the renin

release elicited by other diuretics probably results from

volume and salt depletion per se since the replacement

of salt and water losses decreases the ability of the latter

drugs to elevate PRA. However, it should be remembered

that the loss of sodium and water and the decrement in

extracellular fluid volume that result from treatment

with these non-”boop” diuretic drugs may stimulate renin

release by activation of the renal baroreceptor, the renal

sympathetic nerves, and/or the macula densa. In addi-

tion, renin release may be decreased immediately after

the parentera! injection of the non-”boop” diuretics as a

result of the increased delivery of sodium to the macula

densa. As the diuretic activity of the drug wanes and the

loss of sodium and water becomes significant, renin

release begins to rise and becomes elevated. Thus, a

single dose of a non-”boop” diuretic may cause a bimodal

change in PRA, a decrease followed by an increase,

whereas chronic treatment with these drugs usually ele-

yates PRA.

A. OSMOTIC DIURETICS. Vander and Mifier (1124)

found that the induction of natriuresis and diuresis with

the osmotic diuretics urea, mannitol, and sodium sulfate

prevented or reversed the increase in renal venous PRA

that normally accompanied a decrease in renal perfusion

pressure in anesthetized dogs. These agents did not alter

renal hemodynamics. Birbari (90) reported that the ad-

ministration of a 20% solution of mannitob suppressed

renin release by 30% in anesthetized dogs. Sodium excre-

tion increased 5-fold (90). Churchill et a!. (215a) found

that mannitol-induced diuresis decreased renin secretion

as it increased sodium load in the early distal tubule of

the anesthetized rat. Lastly, a 30- to 60-sec infusion of 4

M urea or 4 M dextrose directly into the renal arteries of

anesthetized dogs elevated renin release, RBF, and GFR,

and this stimulation of renin release was thought to result

from changes in the volume of the granular JG cells in

response to the hyperosmolarity of the arterial blood

(1250). Therefore, osmotic diuretics probably have a

triphasic effect on renin release: an immediate, short-

lived stimulatory effect, which may involve changes in

granular JG cell volume (1250); a prolonged period of

renin suppression resulting from an increase in sodium

load at the macala densa (90, 1124); and an eventual

elevation of renin release as the plasma volume becomes

contracted. The latter effect, however, would be apparent

only after long-term infusions of osmotic diuretics and,

therefore, has not been studied well.

B. MERCURIAL DIURETICS. In 1965, White (1207) re-

ported that mercaptomerin-induced natriuresis and di-

uresis suppressed the elevated renin release that accom-

panied renal arterial hypotension in anesthetized dogs.

Later, chlormerodrin was found to exert a similar effect

in conscious dogs (1123). Dimercaprol, which was known

to prevent the diuretic action of mercurial diuretics,

reversed the effect of mercaptomerin on renal barorecep-

tor-induced renin release (1207). A year later, Brown et

a!. (148) discovered that 2 hr after the administration of

meralluride to anesthetized dogs, PRA was elevated by

2.5-fold even though sodium excretion was increased to

20 times the control value. Plasma renin activity was

increased over 3-fold up to 6 hr after injection. When salt

and water losses were continually replaced after treat-

ment with meralluride, the natriuresis induced by this

drug was potentiated, and the increase in PRA was

blunted but not abolished. These authors (148) concluded

that factors other than volume depletion were responsi-

ble for the stimulation of renin release by merailuride.

On the other hand, Vander and Luciano (1123) found

that the renin release elicited 30 to 120 mm after chbor-

merodrmn was prevented by volume repletion. As with

meralluride, volume replacement potentiated the natri-

uretic effect of chbormerodrin. These differing effects of

salt and water replacement on the ability of meralluride

and chbormerodrin to bring about an increase in PRA

might be the result of an action of meralluride on sodium

chloride transport at the macula densa or an action on

the renal baroreceptor. The former prospect is suggested

by the fact that mercurial diuretics, like the “loop”

diuretics, inhibit sodium reabsorption in the ascending

limb of Henle’s loop (79), and the various mercurial

diuretics, which differ considerably in their structures,

might also differ in their ability to block ion movement

at the macuba densa. With regard to the latter possibility,

meralluride, unlike chbormerodrin, is covalently linked to

theophylline, which is released from the mercurial moiety

in vivo. Theophyffine has been shown to cause renal

vasodilatation and increase renin release from the iso-

bated perfused rabbit kidney in the presence of a marked

natriuresis (1157). However, the effect of meralluride on

RBF is not known although chbormerodrmn has been

found to increase renal vascular resistance in anesthe-

tized dogs (501). Thus, the presence of the theophylline

moiety in meralluride may account for the inability of

volume replacement to block meralluride-induced renin

release in the dog.

In summary, the mercurial diuretics appear to elevate

renin release by promoting the loss of sodium and by

depleting plasma volume. Meralluride may raise PRA by

another mechanism, possibly the renal baroreceptor.

C. INHIBITORS OF CARBONIC ANHYDRASE. Acetazob-

amide, which has been shown to inhibit sodium and

bicarbonate reabsorption in the proximal and distal tu-

bules (79), inhibited renal baroreceptor-mediated renin

release in anesthetized dogs (1124). No information is

available concerning the effects of acetazobamide on basal

PRA values in animals or humans.

D. THIAZIDES. In 1962, Tobian et a!. (1097) observed

that the granularity of the JG cells of rats was greatly
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increased after 9 weeks of treatment with chborothiazide,

and it was suggested that this increase in granulation

reflected an enhancement of the secretory function of

these cells. Several years later, Vander and Mifier (1124)

reported that chlorothiazide attenuated the increase in

renal venous PRA caused by a decrease in renal perfusion

pressure in the anesthetized dog, presumably by increas-

ing the amount of sodium at the macala densa. Brown et

a!. (148) then reported that chlorothiazide elevated PRA

by 2-fold over a 2- to 6-hr period in anesthetized dogs. At

2 hr after injection of chlorothiazide, sodium excretion

was increased to about 20 times the control value, and

PRA rose with time as the natriuretic effect of the drug

began to wane. Volume repletion with saline blocked the

rise in PRA at 2 hr, reduced PRA to 60% of the pretreat-

ment value at 4 hr, and potentiated the magnitude and

duration of the natriuresis. It was concluded that the

decrease in plasma volume caused by chlorothiazide ad-

tivated the renal baroreceptor mechanism controlling

renin release. In this respect, hydrochlorothiazide has

been found to elevate renal vascular resistance slightly

in the anesthetized dog (501). Cooke et a!. (230) con-

firmed that volume repletion, by i.v. infusion of the urine,

prevented the renin release elicited by chborothiazide in

the anesthetized dog.

Many investigators have reported that the prolonged

administration of thiazide diuretics to normal and hyper-

tensive humans results in an elevation of PRA (134, 171,

204; 206, 221, 250, 325, 403, 428, 555, 624, 799, 970, 1065,

1199, 1213). For instance, an elevated PRA has been

observed in humans after chronic treatment with hy-

drochlorothiazide (134, 171, 204, 206, 325, 428, 555, 624,

1199), chborothiazide (555, 970), methycbothiazide (403),

bendrofluazide (1065, 1213), bendrofluomethazide (799),

and cycbopenthiazide (250). At first, it was thought that

hydrochborothiazide elevated PRA only during the initial

stages of therapy, with PRA later returning to control

levels (171), but the advent of more accurate techniques

for the measurement of PRA revealed that this drug

raised PRA by 2- to 6-fold when given daily for 6 to 24

weeks (134, 204, 206, 325, 624, 1199). Similar changes in

PRA were seen after continued treatment with the other

thiazide diuretics (250, 403, 799, 1065, 1213, 1234). It is of

interest to note that treatment of hypertensive patients

with either chborothiazide or furosemide elevated PRA

to the same extent after long-term therapy (970). Sur-

prisingby, the thiazide diuretics seem to increase PRA to

a greater extent in normotensive humans than in patients

with hypertension (403, 1065). For example, Swales and

Thurston (1065) found that 7 days of treatment with

bendrofluazide increase PRA from 1.7 to 3.9 ng of AI/

mb/hr in hypertensive patients whereas PRA rose from

1.9 to 11 ng of Al/mb/hr in normal individuals. In like

fashion, the plasma bevels of All were twice as high in

the normal humans, as compared to the hypertensive

patients, after bendrofluazide (1065). In addition, pa-

tients with bow-renin essential hypertension exhibited a

much greater elevation of PRA after continued treatment

with hydrochlorothiazide than did patients with normal-

renin essential hypertension (325).

The effect of beta-adrenergic antagonists on thiazide-

induced renin release gives some support to the idea that

these diuretics stimulate renin release by indirectly ad-

tivating the sympathetic nervous system. For instance,

propranobob has been shown to block the renin release

brought about by the i.v. injection of chlorothiazide into

anesthetized dogs (1267). Later, Sweet and Gaul (1066)

found that timobol completely blocked the 4-fold rise in

PRA that usually accompanied hydrochlorothiazide

treatment in conscious dogs. Timobol also attenuated the

hypokalemia that usually developed during long-term

treatment with this thiazide, but it was not known if this

increase in plasma potassium concentration was involved

in the suppression of renin release (1066). Similarly, in

rena! hypertensive and normotensive dogs, and SH and

normotensive rats, bendroflumethiazide increased PRA

by 4- to 6-fold and timobol prevented 40% to 90% of this

elevation of PRA (797). The ability of timobol to lessen

the rise in PRA caused by bendroflumethiazide in rats

was especially interesting in light of the fact that timobol

potentiated the natriuresis elicited by bendroflurnethia-

zide. Again, timobol attenuated the hypokalemia caused

by this thiazide (797).

Timobol (204, 206), pindobol (628), oxprenobol (159, 250,

555), propranobol (134, 500, 799, 1050), and atenolol (1213)

have been reported to lessen or prevent the increase in

PRA that results from prolonged treatment of humans

with thiazide diuretics. Chalmers et a!. (204, 206) found

that hydrochlorothiazide raised PRA from 1.7 to 3.2 ng

of Al/mi/hr in seated hypertensive patients whereas

timobob suppressed PRA by 65% relative to the control

values. Combined treatment with timolol and hycho-

chlorothiazide resulted in no change in PRA as compared

to the pretreatment values. Similar changes were found

by Nielsen et a!. (799) who reported PRA to be 3.5, 6.4,

1.7, and 3.5 ng ofAI/ml/hr during the control, bendroflu-

ornethiazide, propranobob and bendrofluornethiazide plus

propranobol periods, respectively. Such clear-cut findings

(159, 204, 206, 799, 1050), however, are not always ob-

tained since in many cases (134, 250, 500, 555, 628, 1213)

thiazide-induced renin release was only partially atten-

uated by beta-adrenergic blockade. It also should be

pointed out that other investigators have indicated that

timobol (624) and oxprenobob (428) are incapable of sup-

pressing the renin release caused by hydrochlorothiazide.

Zanchetti et a!. (1261) found that continued therapy

with chborthalidone potentiated orthostasis-induced

renin release, and, moreover, propranobol was more effi-

cacious in suppressing the renin release caused by chlor-

thalidone when the patients were in the upright position.

Unfortunateby, differences in posture cannot account for

the differing effects of beta-adrenergic blockade on thia-

zide-induced renin release. For example, some investiga-

tors have reported that timobob (204, 206) and oxprenobol

(159, 250, 255) lower PRA in thiazide-treated patients in

the standing position but other researchers have found
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timobol (624) and oxprenobol (428) to have little effect

under apparently identical conditions. Thus, beta-ache-

nergic antagonists appear to be able to suppress thiazide-

induced renin release in humans (134, 148, 204, 206, 250,

555, 1213), dogs (797, 1066, 1267), and rats (797); however,

this is not a universal observation (428, 624).

Two other observations indicate that the sympathetic

nervous system is partially responsible for the elevation

of PRA by thiazide diuretics. First, paraplegic patients

with cervical spinal transection of short duration ex-

hibited a normal renin response to therapy with hydroch-

borothiazide, but patients with long-standing lesions re-

sponded very slowly to the diuretic (221). That is, PRA

rose to the same extent as in patients with early transec-

tions, but the renin response was much delayed in pa-

tients with late transections. Secondly, the sympatholytic

drug methyldopa lessened the ability of chlorothiazide to

elevate PRA in supine, hypertensive humans (555). The

role of the sympathetic nervous system in renin release

elicited by thiazides and other non-”boop” diuretics is in

need of further clarification.

Methyclothiazide had no effect on renin release from

rat renal cortical slices in vitro (273a).

E. CHLORTHALIDONE. Chlorthalidone is a sulfonamide

diuretic with properties very similar to those of the

thiazides. Chlorthalidone has been shown to increase

PRA by 3- to 9-fold when given to hypertensive humans

for 4 to 14 weeks (315, 508, 1182, 1234, 1261). Weber et a!.

(1182) found that PRA, measured in the upright position,

was elevated to a greater extent by chlortha!idone in

patients with bow-renin and high-renin hypertension than

in patients with normal-renin hypertension. When Zan-

chetti et a!. (1261) measured PRA in both the lying and

standing position during chronic treatment of hyperten-

sive patients with chborthalidone, they found that the

renin-stimulating activity of this diuretic gradually dis-

sipated during continued administration of the drug. Co-

treatment with reserpine plus methyldopa plus cbonidine

did not alter the stimulation of renin release caused by

chlortha!idone, but propranobob did block the rise in

PRA, especially in the standing position. Other clinicians

have found chlorothalidone-induced renin release in hy-

pertensive patients to be lessened by propranobob (384)

and sotalob (1149), but labetalob was without effect (1193).

F. METOLAZONE. Metolazone is a quinethazone deriv-

ative that inhibits sodium reabsorption in the proximal

tubule and cortical diluting segment (1039), and thus is

similar in its actions to chbortha!idone and the thiazide

diuretics. Lanzoni et a!. (630) observed that metolazone

raised PRA in hypertensive patients. Sambhi et a!. (976)

also observed an elevation of PRA that was greater

during the first few weeks of therapy than after longer

periods of treatment. In the batter case (976), propranobob

initially suppressed the elevated PRA values, but this

antagonism waned even when the dose of propranobob

was increased progressively.

G. CLOPAMIDE. Cbopamide inhibits sodium reabsorp-

tion in the proximal tubule and does not alter RPF or

GFR (342). Imbs et a!. (513) found that cbopamide sup-

pressed renin secretion by 50% in anesthetized dogs and

attributed this suppression to an increase in salt load at

the macala densa. By comparison, ethacrynic acid was

found to elicit a 3.4-fold increase in renin secretion.

H. AMILORIDE AND TRIAMTERENE. Amioride and

triamterene act mainly on the distal tubule (420, 574)

and are termed “potassium-sparing” diuretics. Amiloride

has not been used widely in humans, but this drug has

been noted to cause a 3- to 4-fold elevation of PRA in

hypertensive patients (161, 315, 618). For example, Kre-

mer et a!. (618) observed that PRA tripled and plasma

All levels doubled after 6 weeks of treatment with ami-

bride. Plasma potassium bevels increased by 0.7 mEq/b,

and the total body sodium space was decreased. On the

other hand, Esch et a!. (315) found that amioride elicited

only a temporary increase in renin release with PRA

values being in the control range after 3 weeks of therapy.

Again, plasma potassium concentration was increased. It

is unlikely that this rise in plasma potassium content

suppressed renin release since the aldosterone antagonist

spironolactone caused an equal degree of hyperkalemia

and yet continually stimulated renin release (315). In

addition, Keim et a!. (574) reported that continued ther-

apy with triamterene raised PRA by 2- to 3-fold in bow-

and normal-renin hypertensive patients.

I. SPIRONOLACTONE. Spironobactone, a competitive re-

ceptor antagonist of the �.ineralocorticoid aldosterone,

blocks the reabsorption of sodium in exchange for potas-

sium and hydrogen in the distal tubule (420). Spironobac-

tone has been reported to stimulate renin release in

hypertensive patients after 3 to 8 weeks of therapy (74,

315, 325, 499, 559, 1199). Weinberger and Grim (1199)

found that spironobactone elicited a dose-rebated increase

in PRA with a 9-fold increment being measured after 4

weeks. Patients with normal-renin hypertension ex-

hibited a doubling of PRA whereas the response to low-

renin hypertensive subjects was much greater (a 7-fold

increase) (325). Propranobob blocked 78% of the increase

in PRA caused by spironolactone in orthostatic patients

with essential hypertension (559). Although a single dose

of aspirin has been shown to prevent the natriuretic

effect of spironolactone in mineralocorticoid-treated hu-

mans (1105), aspirin did not alter the increase in PRA

caused by spironolactone in hypertensive humans (499).

Spironobactone also evoked renin release and sodium loss

in normotensive rats (311).

Canrenone, a major metabolite of spironolactone, ele-

vated PRA and caused sodium boss and potassium reten-

tion in hypertensive subjects after two days of treatment

(311). Erbber et al. (312) found that canrenone brought

about a dose-dependent increase in PRA without altering

the urinary excretion of sodium or potassium in diabetic

humans. However, the inhibition by canrenone of sodium

reabsorption in the distal part of the large bowel and the

resultant intestinal loss of sodium would account for the

increase in renin release (315). It should be pointed out

that canrenone has been shown to inhibit All-stimulated
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aldosterone synthesis (311, 312), and this action may

further exacerbate the boss of sodium caused by canren-

one. The rise in PRA caused by spironobactone may not

be caused by canrenone since oral treatment of rats with

potassium carenoate increased PRA only during the first

3 weeks of therapy whereas spironolactone caused an

increase in renin release throughout a 6-week regimen

(311).

J. MINOR DIURETICS. Ammornum chloride is seldom

used by itself as a diuretic; however, its effect on the

renal metabolism of chloride and hydrogen ion make its

effect on renin release of interest. Since the ammonium

ion is converted to urea by the liver, leaving an excess of

chloride, the ingestion of ammonium salts produces a

metabolic acidosis. This excess of filtered chloride results

in a natriuresis and diuresis until the kidney produces

enough ammonium ions to balance the excess chloride

ions in the tubular urine. Kisch et a!. (594) found that

the i.v. infusion of 75 mEq of ammonium chloride over a

60-mn period suppressed PRA from 4.4 to 2.1 ng of AI/

mb/hr in normal, sodium-depleted humans. They sug-

gested that ammonium chloride suppressed renin release

either by an indirect effect of increased sodium excretion

on the macula densa or by a direct effect of hydrogen ion

on the granular JG cells. With respect to the latter case,

an infusion of hydrochloric acid into the renal arteries of

anesthetized dogs suppressed renin secretion and in-

creased sodium excretion (657). However, when ammo-

nium chloride was given orally to normal humans on a

low sodium diet, a slight increase in PRA occurred several

hours after ingestion of the salt (886). The differences in

route of administration and sampling intervals may have

been responsible for these differing results (594, 886).

The methylxanthine compounds, theophylline and caf-

feine, have diuretic properties, but the effects of these

compounds on renin release are discussed in section III

B4.

E. Inhibitors of the Renin-Angiotensin System

The successful synthesis of specific competitive antag-

onists of All (698, 872, 924, 1 103) and specific inhibitors

of Al-converting enzyme (80, 840) during the past decade

has enabled researchers to define more accurately the

physiologic robe of the renin-angiotensin system as well

as its role in experimental and clinical hypertension. In

1970, Marshall et a!. (698) demonstrated that 4-Phe-8-

Tyr-All was a competitive receptor antagonist of All. In

the ensuing years, other analogues of All, with aliphatic

amino acids (alanine, isoleucine, and gbycine) substituted

for the phenylalanine residue in the 8-position of All,

were produced in other laboratories (872, 924, 1103). In

addition, in most of these compounds the 1 position was

occupied by the nonmammalian amino acid sarcosine

since this substitution was found to prolong the half-life

of the peptides and thereby increase their potency (1103).

The most extensively characterized receptor antagonist

of All is 1-Sar-8-Ala-AII, also known as saralasin (872).

A nonapeptide (Pyr-Trp-Pro-Arg-Pro-Gln-Ile-Pro-Pro)

that has been shown to inhibit Al-converting enzyme

was isolated from the venom of the fer-de-lance snake

(Bothropsjararaca) by Ondetti et a!. (841) in 1971. The

synthetic form of this compound (Glu-Trp-Pro-Arg-Pro-

Gln-lle-Pro-Pro) was designated SQ 20881 (teprotide).

Because teprotide was liable to enzymic degradation, and

thus had to be given i.v. in order to have an effect, a

program to develop an orally active inhibitor of Al-con-

verting enzyme was initiated by Ondetti et a!. In 1977,

these researchers (840) indicated that some mercaptoal-

kanoyl and carboxyalkanoyl derivatives of amino acids

were effective and selective inhibitors of Al-coverting

enzyme with SQ 14,225 (D-3-mercapto-2-methylpropra-

noyl-L-proline) (captopril) being the most potent corn-

pound. Other authors have reviewed in detail the phar-

macobogy of the All receptor antagonists (257, 870, 871,

924), teprotide (80, 413, 841), and captopril (936), and in

the discussion that follows, we will consider the effects of

these agents on renin release in animals and humans.

1. Antagonists of Angiotensin II. In 1973, Bing (84)

and Johnson and Davis (531, 532) first discovered that

saralasin produced an increase in PRA in laboratory

animals. In anesthetized dogs with constriction of the

thoracic inferior vena cava of sufficient duration to pro-

duce sodium retention and ascites, Johnson and Davis

(532) found that an i.v. infusion of saralasin reduced

MAP by 32%. Plasma renin activity, which was already

elevated as a result of the caval constriction, was doubled

during the infusion of the All analogue. However, sara-

basin did not alter renin release in normal anesthetized

dogs; it caused an initial, transient pressor response of 5

to 10 mm Hg, but blood pressure did not change as the

infusion was continued. These same investigators (531)

also observed that both PRA and sodium excretion were

elevated by saralasin in anesthetized sodium-depleted

dogs. Blood pressure fell by 18% in these animals. Al-

though normal anesthetized dogs exhibited no change in

PRA or MAP during treatment with saralasin, an in-

crease in renin release was observed when All and sara-

basin were given simultaneously. Based on these data,

Johnson and Davis (531, 532) suggested that saralasin-

induced hypotension elicited renin release in sodium-

depleted and caval-constricted dogs by activation of the

renal baroreceptor and/or renal sympathetic nerves. This

would account for the absence of a renin response in

normal dogs. In addition, it was conjectured that sara-

lasin also might have blocked the inhibitory effect of All

on renin secretion (531). In the latter case, it would have

to be assumed that All was causing a tonic inhibition of

renin release during sodium restriction and thoracic caval

constriction but had no such tonic effect in normal dogs.

Along these lines, McDonald et a!. (711) also found 1-

Sar-8-Gby-AII to have no effect on PRA in anesthetized

dogs, but other workers (65) have reported that both

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 173

PRA and renin secretion were elevated by the i.v. infu-

sion of saralasin into anesthetized dogs. In studies con-

ducted with conscious, normal dogs on a salt-restricted

diet, McCaa (706) found that the constant i.v. infusion of

saralasin or 1-Sar-8-Ile-AII for 7 days resulted in a con-

tinued 5-fold elevation of PRA. Mean arterial pressure

was decreased by an average of 14% throughout the

infusion period but both sodium and potassium excretion

were not changed. Bravo et a!. (132) found that 1-Sar-8-

Ala-, 1-Sar-8-Ile-, and 1-Sar-8-Thr-AII caused a 5- to 10-

fold elevation of PRA in conscious sodium-depleted dogs.

Although blood pressure fell after each antagonist, no

relationship was noted between the reduction in blood

pressure and the rise in PRA.

Freeman et a!. (360) examined the effects of intrarenal

arterial infusions of saralasin in anesthetized normal and

caval-constricted dogs. An intrarenal infusion of saralasin

did not significantly affect MAP, RBF, GFR, PRA, or

sodium excretion in anesthetized normal dogs, but such

an infusion doubled PRA in anesthetized sodium-de-

pleted and caval-constricted dogs. In both groups of

animals, saralasin increased RBF and decreased MAP

but did not change GFR or sodium excretion. Due to the

fall in MAP, the renin-releasing effects of saralasin could

not be attributed to an intrarena! action of this drug. On

the other hand, sara!asin given directly into the kidney

has been demonstrated to increase PRA in conscious,

uninephrectomized dogs (39, 591). In conscious, sodium-

depleted dogs, Kimbrough et a!. (591) noted that basal

PRA was increased from 3.3 to 8.3 ng of Al/mi/hr during

sodium restriction, and the intrarena! infusion of a small

dose of saralasin further increased PRA to 19.4 ng of AI/

mI/hr. This mild stimulation of renin release was not

associated with any change in MAP, RBF, GFR, or

sodium excretion. In contrast to the results obtained with

anesthetized dogs (360), MAP was unaltered and sodium

excretion and GFR were increased. Interestingly, the 4-

fold rise in sodium excretion, which normally would tend

to suppress renin release, did not prevent saralasin-in-

duced renin release.

The effect of All blockade on renin release in patho-

physiologic states other than caval constriction has been

examined in dogs. An animal model of high output con-

gestive heart failure can be effected by the surgical

construction of a chronic aortic-caval fistula in dogs, and

these animals exhibit a decrease in RBF, an increase in

PRA, and sodium retention. An i.v. infusion of saralasin

lowered blood pressure and elicited a 3-fold increase in

PRA in these dogs with high output heart failure (360).

When a small dose of saralasin was given directly into

the kidneys of dogs with high output heart failure, RBF

increased but PRA, GFR, and sodium excretion did not

change. However, as the intrarena! dose of saralasin was

increased, renin release was stimulated. Sara!asin did not

alter renin release or RBF in dogs with chronic ureteral

obstruction (762). Freeman et a!. (358) observed that

saralasin potentiated hemorrhage-induced renin release

and hypotension in conscious dogs. The progressive hem-

orrhage of anesthetized dogs bed to a progressive rise in

PRA until a MAP of 50 mm Hg was reached (65). The

concentration of plasma renin substrate remained con-

stant during hemorrhage, but the concentration of renin

substrate fell by 70% if dogs were hemorrhaged during

the i.v. infusion of saralasin. The rise in peripheral PRA

and renin secretion seen during hemorrhage was poten-

tiated by saralasin until renin substrate levels began to

fall off significantly, then the values of PRA and renin

secretion were considerably less than those observed

with hemorrhage alone. Beatty et a!. (65) concluded that

plasma renin substrate levels were maintained during

hemorrhage as a result of a positive feedback mechanism

in which All stimulated the production of renin substrate

by the liver. Since saralasin was shown to block this

positive feedback mechanism, it raises the possibility

that in some situations saralasin might affect PRA by

altering the concentration of plasma renin substrate

rather than renin release per se.

Ayers et a!. (38, 39) studied the effects of saralasin on

renin release at different times after the stenosis of the

renal artery in conscious, uninephrectomized dogs. Dur-

ing the first five days after surgery, PRA was elevated

and the infusion of sara!asin into the kidney elicited a 3-

to 4-fold increase in PRA and a large decrease in renal

vascular resistance but little change in MAP. In contrast,

10 to 14 days after surgery, basal PRA had decreased

considerably, and an intrarenal infusion of saralasin had

little effect on RBF yet PRA stifi rose 2-fold. Dietary

sodium restriction restored the ability of saralasin to

lower renal vascular resistance and increased basal PRA

to a bevel slightly above that seen during the first 5 days

after renal artery stenosis. Saralasin further increased

PRA by 4-fold. Ayers et a!. felt that intrarenally gener-

ated All inhibited renin release by causing afferent ar-

teriobar vasoconstriction, but it is important to note that

saralasin caused a 3-fold elevation of PRA at a time when

the antagonist had little effect on renal vascular resist-

ance. This dissociation between the effects of saralasin

on renin release and renal vascular resistance suggests

that intrarenally generated All was inhibiting renin

release by a direct action on the granular JG cells. In

agreement with the findings of Ayers et a!. (38, 39),

Freeman et a!. (362) found that an i.v. infusion of sara-

basin had no effect on PRA in conscious dogs with chronic

two-kidney renal hypertension unless the dogs had been

placed on a sodium-deficient diet. Acute constriction of

one renal artery in conscious dogs resulted in renin

release and hypertension. An i.v. infusion of saralasin

blocked the rise in blood pressure and potentiated the

renin release.

Steele and Lowenstein (1037) observed that saralasin

elicited a dose-related increase in PRA in conscious rab-

bits even though MAP remained constant. Prior sodium
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depletion potentiated the renin response to saralasin,

especially at the smaller doses of antagonist, even though

the decrement in blood pressure was very slight. Stokes

et a!. (1047) infused saralasin directly in the kidneys of

conscious, uninephrectomized rabbits and noted a dose-

rebated elevation of the renal arteriovenous PRA differ-

ence. At the higher rates of infusion, both RBF and MAP

were reduced significantly. The authors concluded that

the stimulation of renin release by saralasin was due to

blockade of the All-mediated, negative feedback loop

controlling renin release.

The renin release elicited by All antagonists has been

characterized most extensively in rats. Initially, Bing (84)

reported that an i.v. infusion of saralasin increased PRA

and PRC by 4- to 14-fold in conscious adrenalectomized

rats, maintained with 1% saline drinking water and pe-

riodic injections of DOCA, but not in conscious, normal

rats (84). In a more comprehensive study published some

years later, Bing and Poulsen (86) found that saralasin

elevated PRC by 12-fold in normal anesthetized rats, and

this endocrine response was associated with a fall in

systolic blood pressure of 25 to 45 mm Hg. The stimula-

tion of renin release was apparent within 10 mm of

starting the infusion, it peaked at 30 to 60 mm and PRC

values then fell back to the control value despite the

continued administration of saralasin. At this point, di-

hydralazine caused a large increase in PRC. Saralasin

had no effect on renin release in conscious SH rats;

however, in anesthetized SH rats, PRC increased 7-fold

and blood pressure decreased. As seen previously, sara-

basin elicited renin release in adrenalectomized rats

(maintained with 1% saline drinking water and DOCA),

but the magnitude and duration of this stimulation was

increased by anesthesia. In conscious or anesthetized

adrenalectomized rats given only saline drinking water,

basal PRC values were elevated and increased dramati-

cally when saralasin was given. Blood pressure fell pre-

cipitousby. Lastly, the increase in renin release usually

seen in conscious and anesthetized normal rats after

treatment with the converting enzyme inhibitor teprotide

was blocked by saralasin. Because saralasin-induced

renin release was associated with hypotension in most

cases, and because the vasodilator dihydralazine caused

hypotension and renin release in situations in which

saralasin had no effect on either parameter, Bing and

Poulsen (86) concluded that saralasin-induced hypoten-

sion was the major stimulus to renin release rather than

interruption of the negative feedback of All on renin

release. In addition, saralasin was shown to possess a

partial agonist effect at the All receptors of the granular

JG cells.

Other researchers (818, 1003, 1010, 1029, 1047) have

noted that saralasin elicited renin release in anesthetized

rats. When MAP was decreased to 70 mm Hg in anes-

thetized, vagotomized rats treated with atropine and

pentolinium, an infusion of saralasin elevated PRC by 7-

fold even though no further decrease in MAP occurred

(818, 1047). Sen et a!. (1003) treated normal and two-

kidney renal hypertensive rats chronically with 1-Sar-8-

ile-All before drawing blood samples under ether anes-

thesia. Plasma renin activity was increased 3-fold in the

hypertensive animals but was not changed in normal

rats. Hemodynamic changes were not reported. In a

similar study in conscious, two-kidney hypertensive rats,

Carretero and Gulati (197) found that saralasin produced

no consistent pattern of change in PRA, even though

blood pressure was lowered, and yet a 3-fold elevation of

PRA was seen in hypertensive rats that did not exhibit

a vasodepressor response to saralasin. Saralasin also was

observed to bring about an equivalent 4-fold rise in SRA

in conscious SH and Wistar-Kyoto rats (893). In each of

these cases (197, 818, 893, 1003, 1010, 1047), the authors

believed that these antagonistic analogues of All ele-

vated PRA by preventing the inhibitory action of All on

the secretory mechanism of the granular JG cells.

In 1975, Campbell et a!. (185) discovered that saralasin

potentiated minoxidil-induced renin release in conscious

rats. Either saralasin or mmo�cidil alone increased SRA

by 6-fold, but the combination of the two drugs caused a

150-fold increase in SRA. Because Pettinger and Keeton

(892) had shown that saralasin also potentiated minoxi-

dil-induced hypotension in conscious rats, Campbell et

a!. (185) suggested that saralasin and mmo�idil had syn-

ergistic effects on renin release because of the greater fall

in blood pressure with the drug combination. After the

development of a radioimmunoassay for saralasin (895),

Keeton et a!. (572) made a thorough study of the effect

of salt balance and adrenergic blockade on the renin

release elicited by this All antagonist. After s.c. injection

into normal, conscious rats, saralasin consistently caused

a slight decrease in PRA at 10 mi� followed by a 5-fold

increase at 20 miii. Plasma renin activity had returned to

the control value by 40 mm despite the fact that plasma

saralasin levels were stifi elevated. In sodium-depleted

rats, this same dose of saralasin caused an initial 70%

decrease in PRA at 10 mm, and then elevated PRA by 8-

fold at 20 mm. Animals treated with DOCA and saline

showed no renin response to saralasin. The alteration of

the renin-releasing abilities of saralasin by changes in

sodium balance was seen in a more dramatic fashion

when dose-response curves were constructed. Saralasin

did not elicit significant renin release in normal-sodium

rats until a dose of 10 mg/kg was given, and 30 mg/kg

induced a further increase in PRC. Sodium-loaded, vol-

ume-expanded rats were refractory to the renin-rebeasing

effects of saralasin even at plasma saralasin bevels as high

as 1300 ng/mb. Sodium depletion dramatically increased

the sensitivity of the rats to the renin-releasing action of

saralasin, and a dose as low as 0.3 mg/kg caused a 19-

fold increase in PRC. The 30 mg/kg dose brought about

a 260-fold rise in PRC. Saralasin did not alter MAP or

heart rate in normal-sodium rats and caused only a 15%

decrease in blood pressure in sodium-depleted rats at the

largest dose used. Tachycardia was not observed consist-

entby during sara!asin-induced hypotension in these ani-

mals. Hydra!azine, in a dose that produced the same
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degree of hypotension and tachycardia as did saralasin,

caused only a 3.5-fold increase in PRC in sodium-de-

pleted rats whereas a 42-fold increase in PRC was seen

after sara!asin. Thus, saralasin appeared to have a stim-

ulatory effect on renin release over and above its hypo-

tensive effect.

Pretreatment with propranobol inhibited saralasin-elic-

ited renin release by 99% in normal rats and by 75% in

sodium-depleted rats without altering the hypotensive

effect of saralasin in the latter group. Saralasin also

potentiated phentolamine-induced renin release, hypo-

tension, and tachycardia in normal rats. Saralasin or

phentolamine alone elevated PRC by 5-fold and 15-fold,

respectively, but the combination of these two drugs

resulted in a 1000-fold increase in PRC. This potentiated

renin release was inhibited by 90% with propranobol.

Although propranobol also lessened the potentiated hy-

potensive response to this drug combination (T. K. Kee-

ton, unpublished observations) it is unlikely that this

effect could account for the 90% blockade of the 1000-

fold increase in PRC seen with saralasin and phentob-

amine. These data indicated that a portion of saralasin-

elicited renin release in sodium-depleted and phentol-

amine-treated rats was mediated by hypotensive activa-

tion of the carotid baroreflex that increased sympathetic

nerve activity in the kidney.

Based on these data, Keeton et a!. (572) concluded

that: 1) the major portion of saralasin-induced renin

release in conscious normal and sodium-depleted rats

was the result of disinhibition of All suppression of renin

release; 2) the importance ofthe “short-loop” suppression

ofrenin release by intrarenally generated All is amplified

by sodium deprivation; 3) the “short-loop” negative feed-

back mechanism controlling renin release is closely as-

sociated with intrarenal beta-adrenergic-receptors, pre-

sumably located on the granular JG cells; and 4) sara-

lasin, under certain circumstances, acts temporarily as

an agonist at the intrarenal All receptors inhibitory to

renin release and thereby decreases renin release. It

should be pointed out that the agonistic properties of

saralasin are modulated by dietary sodium and that

sodium depletion minimizes the ability of saralasin to act

as a partial agonist (754a). Lastly, because All had been

shown to inhibit adenylate cyclase in rat tail artery

(1161), and because beta-adrenergically renin release ap-

peared to involve the production of cyclic AMP, it was

suggested that sara!asin increased renin release by re-

leasing granular JG cell adenylate cyclase from the in-

hibitory effect of All (572).

Since inhibitors of prostaglandin synthesis prevented

other forms of sympathetically mediated renin release

(180), Campbell et a!. (181) probed the role of prostaglan-

dins in saralasin-induced renin release in norma! rats.

This All antagonist increased SRA from 2.7 to 16.2 and

22.5 ng of Al/mi/hr at 10 and 30 mg/kg, respectively,

without markedly altering blood pressure and heart rate.

Pretreatment with indomethacin, which resulted in a

greater than 70% suppression of the urinary content of

PGE2 and PGF20, blocked 90% of the rise in SRA seen

after either dose of saralasin. In like fashion, meclofena-

mate inhibited saralasin-elicited renin release in normal

rats. In agreement with previous studies (572), Campbell

et a!. (181) noted that sodium-depletion sensitized rats to

the renin-rebeasing properties of saralasin. A small dose

of saralasin increased SRA by 10-fold, while lowering

MAP by 6%, in sodium-deprived animals, and indometh-

acin, which did not affect basal renin release, inhibited

82% of this drug-stimulated renin release. Indomethacin

did not affect the hemodynamic changes seen in sodium-

depleted rats after saralasin. Sara!asin-stimulated renin

release similarly was inhibited by indomethacin, propran-

obol, and the combination of indomethacin and propran-

olob by 79%, 93%, and 100%, respectively. Campbell et a!.

(181) concluded that the renin release caused by saralasin

in conscious rats appeared to be intimately associated

with renal beta-adrenergic receptors and possibly was

mediated by renal prostaglandins.

Concerning the effects of All antagonists on renin

release in vitro, Vandongen et a!. (1136) found that

nonpressor derivatives of All, including saralasin, in-

creased perfusate renin activity by 4-fold in the isolated

perfused rat kidney. A slight decrement in renal perfusion

pressure occurred. Hofbauer et a!. (488) noted that small

doses of saralasin caused a slight amount of vasodilata-

tion and renin release in the isolated perfused rat kidney,

but larger doses, which completely blocked All-induced

vasoconstriction, elicited vasoconstriction and inhibition

of renin release. Plasma saralasin bevels of a similar

magnitude were associated with increased renin release

in vivo (572). If a high concentration of All was used to

depress renal perfusate flow and renin release in the

isolated perfused rat kidney, saralasin reversed the vas-

oconstriction but not the inhibition of renin release. It

was concluded that saralasin possessed a high degree of

intrinsic activity at the All receptors of granular JG cells.

Even though saralasin reversed All-mediated inhibition

of renin release from rat renal cortical slices in vitro,

saralasin by itself did not cause a significant elevation of

renin release (782).

In normotensive (153, 321, 388, 511, 685, 777, 811, 994)

and hypertensive (151, 153, 201, 874, 895, 898, 900, 901,

1138, 1139, 1142, 1223, 1245, 1246) humans, saralasin and

other receptor antagonists of All have been observed to

elevate PRA, and the ability of these agents to stimulate

renin release appeared to be a function of both the

pretreatment level of PRA (153, 201, 659, 898, 900, 1223,

1245) and sodium intake (201, 388, 498, 511, 777, 994,

1139, 1142, 1216). As a general rule, those patients with

higher than normal PRA values exhibited a rise in PRA

during the administration of saralasin. In like fashion,

when basal PRA was elevated by salt depletion in hu-

mans who had not previously shown a renin response to

saralasin, this All antagonist elicited renin release. Sar-

alasin, and other All antagonists such as 1-Sar-8-lle-AII,

are partial agonists at All receptors located in the vas-

culature, adrenal gland, and granular JG cells, and the
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of saralasin in normal- and low-renin hypertensive pa-

expression of the agonistic and antagonistic properties of

saralasin is dependent on the basal value of PRA (18,

153, 201, 498, 1142, 1245) and sodium intake (18, 201, 388,

498, 511, 685, 826, 1142, 1216). Thus, saralasin decreased

PRA (498, 685, 1142, 1216, 1245) and increased blood

pressure (18, 153, 201, 388, 498, 511, 685, 826, 1245) in

normal humans on a high salt diet, in normal-renin

hypertensive patients on a high salt diet, and in bow-renin

hypertensive patients on either a normal or low salt diet.

Conversely, All receptor blockade increased renin release

and decreased blood pressure in patients with high-renin

hypertension on a normal (153, 201, 1245) or low salt

(153, 201) diet, in normal-renin hypertensive (153, 201,

1139, 1142) and normotensive (153, 388, 511, 685, 777,

811) humans on a salt-restricted diet, in hypertensive

patients with coarctation of the thoracic aorta (932), in

patients with renovascular hypertension (1139, 1223), in

hypertensive patients being treated with vasodilators

(895, 898, 900, 901), in some hypertensive patients on

maintenance hemodiabysis (659), in cases of pheochro-

mocytoma (944, 1138), and in other hyperreninemic con-

ditions not associated with an elevation of blood pressure.

In the last category, normotensive patients with Bartter’s

syndrome (1245), renal tubular acidosis (1245), and cir-

rhosis with ascites (994, 1245) experienced a fall in blood

pressure and a rise in PRA during the antagonism of All

receptors.

Although many investigators have reported saralasin-

induced renin release in humans, there is a major dis-

agteement concerning the mechanism by which this stim-

ulation occurs. On the one hand, saralasin was thought

to elicit renin release only in those situations in which it

caused vasodepression (201, 659, 777, 811, 874, 932, 1142,

1223, 1245). On the other hand, many researchers (151-

153, 388, 511, 895, 898, 900, 994, 1139) have voiced the

opinion that the renin-rebeasing effects of saralasin were

not dependent on the ability of this compound to bower

blood pressure. In the former case, saralasin-induced

hypotension was thought to stimulate renin release via

activation of the renal baroreceptor and/or the renal

sympathetic nerves, whereas in the latter case, saralasin

was thought to increase renin release by blocking the

negative feedback of All on the secretory function of the

granular JG cells.

With regard to the activation of the renal baroreceptor

by saralasin-induced hypotension, several groups of re-

searchers (498, 685, 1139) have studied the effects of

saralasin on renal hemodynamics during alterations in

sodium intake. Van Hoogdalem et a!. (1139) found that

sodium depletion enhanced the hypotensive effect of

saralasin in supine patients with unilateral renovascular,

bilateral renovascular, and essential hypertension, but

effective RPF was decreased in all three groups regard-

less of their salt intake or blood pressure response. When

the subjects were on a normal sodium diet, saralasin

elevated PRA by 3-fold in patients with stenosis of a

single renal artery but caused a 22% decrease in PRA in

patients with essential hypertension. After these two

groups of patients had been sodium-depleted, saralasin

caused a 2- to 3-fold increase in PRA in all patients

despite the fact that the fall in blood pressure was twice

as large in the renal hypertensive group as compared to

those patients with essential hypertension. These authors

(1139) concluded that no relationship existed between

the changes in PRA and the changes in renal hemody-

namics caused by saralasin, and that the renal vascula-

ture appeared to be extremely sensitive to the partial

agonist activity of saralasin. Hollenberg et a!. (498) came

to a similar conclusion when they found that saralasin

brought about a dose-related decrease in RBF in nor-

motensive humans given a high salt diet. In these sub-

jects, saralasin caused a small rise in blood pressure and

a decrease in PRA, GFR, and the excretion of sodium

and potassium. MacGregor and Dawes (685) also noted

that saralasin decreased effective RPF, urine flow, and

sodium excretion when given to normal humans on a

high salt intake, but the effect of incremental doses of

saralasin on urine flow and sodium excretion were van-

able after sodium depletion. Thus, the renal baoreceptor

does not appear to play a crucial role in saralasin-induced

renin release in humans.

The sympathetic nervous system appears to play a role

in saralasin-induced renin release in humans. It is not

unusual for hypotensive agents to stimulate renin release

since the fall in blood pressure results in the reflex

activation of the renal sympathetic nerves. However, this

generalized increase in sympathetic discharge usually

results in an increase in heat rate, and saralasin-induced

hypotension is notable for its inconsistent effects on heart

rate (811, 895, 900, 994). Despite this fact, Pettinger and

Mitchell (898, 900, 901) have found that the infusion of

sara!asin into hypertensive patients receiving minoxidil

caused a 3-fold rise in PRA that was clearly related to

the fall in blood pressure. A single dose of propranobob

that yielded an average plasma propranobol bevel of 150

ng/mb did not alter basal PRA or the hypotensive action

of saralasin but did prevent the previously observed rise

in PRA. Chronic therapy with propranobol decreased

basal PRA and blood pressure; however, under these

conditions, saralasin had little effect on blood pressure

or renin release. It was suggested that PRA was elevated

by saralasin as a result of blockade of the All-mediated,

“short-loop” inhibition of renin release and that the

intrarenal All receptors responsible for the suppression

of renin release were closely related to the beta-adrener-

gic receptors located on the granular JG cells (898).

These conclusions are in accord with the results obtained

in animal studies (181, 572).

Saa!asin has been demonstrated to increase the

plasma concentration of norepinephrmne, but not epi-

nephrmne, in both normotensive and normal- and low-

renin hypertensive humans (717, 944, 1160), but this

effect is usually associated with the transient pressor

action of saralasin. On the other hand, Carey et a!. (191)

reported that the transient and sustained pressor action
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tients, respectively, was not associated with a change in

plasma catecholamine content. In agreement with this

%�ewpoint, Fagard et a!. (321, 322) observed that saralasin

did not alter the plasma levels of catecholamines seen in

the supine or upright position. In these normal volun-

teers, saralasin potentiated the rise in PRA seen during

exercise and slightly attenuated the increase in plasma

norepinephrine concentration occurring at maximal ex-

ercise (322). Saralasin has been reported to cause a large

increase in PRA and the plasma bevels of norepinephrine

and epinephrine as it lowered blood pressure in patients

with a pheochromocytoma (944, 1138). It is not known if

the prolonged depressor effect of saralasin in high-renin

hypertension leads to an increase in plasma norepineph-

rine content.

2. Inhibitors of angiotensin I converting enzyme.

Both the nonapeptide teprotide (80) and the modified

proline molecule captopril (840, 963, 964) have been

shown to prevent the conversion of Al to All and the

degradation of bradykinin. Therefore, just as the partial

agonist activity of the All receptor antagonists was found

to limit their use as pharmacologic tools in the study of

physiologic and pathophysiobogic phenomena, the dual

effects of the former drugs on angiotensin and kinin

metabolism also has presented problems of interpreta-

tion. For example, Thurston and Swales (1093) presented

evidence that indicated that a portion of the vasodepres-

sor effect of teprotide in anesthetized, two-kidney Gold-

blatt hypertensive rats was dependent on the renal pro-

duction of kinins. Additionally, captopril has been dem-

onstrated to lower blood pressure in conscious SH rats

(625, 775), an animal model of hypertension that does

not exhibit a hypotensive response to All receptor antag-

onists (361, 871), and this action of captopril was thought

to be mediated by renal kinins.

In the first report of the induction of renin release by

the blockade of Al converting enzyme, Bing (84) discov-

ered that teprotide caused a rapid rise in PRC in con-

scious normal and adrenalectomized rats. In a later study,

Bing and Poulsen (86) found that a single i.v. injection of

teprotide resulted in a 5-fold increase in PRC in conscious

normotensive rats, and this stimulation of renin release

had dissipated by 1 hr. The injection of a second dose of

teprotide then caused an equal rise in PRC, but a con-

stant infusion of the peptide over a 5-hr period did not

result in prolonged stimulation of renin release. Blood

pressure did not change after the bobus injection or

continuous infusion of teprotide. Blood pressure was

lowered when teprotide was administered to anesthetized

normotensive rats, and the magnitude and duration of

the renin response was greater than that observed in

conscious animals. When Al converting enzyme was

blocked in conscious adrenalectomized rats, blood pres-

sure remained constant and the increase in PRC was the

same as that seen in normal rats. Teprotide elicited a 7-

to 10-fold elevation of PRC in both conscious and anes-

thetized SH rats. Lastly, pretreatment of conscious nor-

motensive animals with saralasin, which did not alter

basal PRC values, prevented teprotide from releasing

renin, and the administration of saralasin after teprotide

reversed the increase in PRC caused by the latter com-

pound. Bing and Poulsen suggested that teprotide stim-

ulated renin release in conscious rats by functionally

blocking the “short-loop” feedback inhibition of renin

release. In anesthetized rats, teprotide had an additional

hypotensive effect that augmented renin release, and the

partial agonist effect of saralasin at the All receptors of

the granular JG cells prevented the renin release caused

by the blockade of Al converting enzyme. Other investi-

gators have observed that teprotide stimulated renin

release in conscious mice (87) and anesthetized rats (297).

The Al-converting enzyme inhibitor captopril, which

is more potent than teprotide and has no direct effect on

vascular smooth muscle (964), has been shown to elicit

renin release in normotensive (962), two-kidney Gold-

blatt hypertensive (962), and SH rats (503). In normoten-

sive rats, captopril did not affect blood pressure (503),

and yet the chronic administration of this drug resulted

in a continual elevation of PRA over a 6-month period

(962). The chronic treatment of SH rats with captopril

for 6 months caused a large decrement in blood pressure

and a 15-fold increment in PRA. In contrast, a dose of

hydralazine that produced a lesser degree of hypotension

over a 6-month period caused only a 3-fold increase in

PRC (503). These observations are similar to those ob-

tamed when saralasin and hydralazine were compared in

sodium-depleted normotensive rats (572).

Although the renal effects of teprotide and captopril

are stifi being characterized, it is unlikely that these

compounds elicit renin release by activation of the renal

baroreceptor, the macula densa, or the renal sympathetic

nerves. Like saralasin, teprotide produced vasodilatation

in the kidneys of salt-restricted rats (28), and yet, as seen

in the aforementioned studies, PRA was increased in

sodium-depleted rats treated with these drugs (86, 962).

Captopril lowered blood pressure by 22% in SH rats but

did not change cardiac output; therefore, the hypotensive

action of the drug was attributed to a decrease in total

peripheral resistance (775). No diuresis, natriuresis, or

kaluresis was observed. Like saralasin, the vasodepressor

effects of captopril in rats rarely elicited a reflex increase

in heart rate (625, 775, 963). Thus, the ability of teprotide

and captopril to bring about an increase in renin release

appears to result from the blockade of the “short-loop,”

negative feedback mechanism.

Antonaccio et a!. (21a) studied the effects of cotreat-

ment with either propranobol or indomethacin on the

renin release seen in SH and Wistar-Kyoto (normoten-

sive) rats after 3 days of oral therapy with captopril.

Captopril elevated PRA to a greater extent in SH rats

(8-fold increase) as compared to the normotensive ani-

mals (3-fold increase). Indomethacin alone suppressed

PRA by 60% to 70% in both SH and normal rats but did

not block the stimulation of renin release caused by

captopril. Propranobol alone lowered basal PRA by 70%

and 40% in SH and normal rats, respectively. During the
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combined administration of propranobob and captopril to

SH rats, PRA rose 7-fold relative to the values seen with

propranobol alone, but the absolute PRA values were

significantly bess than those observed after captopril

alone. In like fashion, propranobob did not impair the

ability of captopril to elicit renin release in normal rats.

Neither propranobob nor indomethacin altered the 20%

decrease in MAP caused by captopril in the two strains

of rats. Conversely, Abe et a!. (2a) reported that indo-

methacin blocked the increase in PRA seen after the

chronic treatment of normotensive and hypertensive hu-

mans with captopril. Captopril lowered MAP by 18% in

hypertensive patients but had no effect on blood pressure

in the normotensive subjects. The hemodynamic re-

sponses to captopril were not affected by the addition of

indomethacin. The urinary excretion of PGE increased

by 48% during therapy with captopril, and the addition

of indomethacin resulted in a 50% decrease in the urinary

concentration of PGE. Abe et a!. (2a) concluded that

captopril elevated PRA by interrupting the inhibition of

renin release by All and that endogenous prostaglandins

were involved in the “short-loop” feedback inhibition of

renin release. The latter conclusion is consistent with the

observation that indomethacin blocked saralasin-induced

renin release in conscious rats (181).

Ayers et a!. (39) reported that teprotide stimulated

repin release and renal vasodilation in conscious unine-

phrectornized dogs. Although teprotide did not affect

PRA or MAP in normal dogs, this peptide lowered MAP

and elevated PRA in one-kidney Goldblatt hypertensive

dogs (752). When the drug was administered periodically

after renal arterial constriction, it was noted that the

hypotensive and renin-releasing effects of teprotide grad-

ually waned. The constant infusion of teprotide after

stenosis of the renal artery prevented the development

of hypertension and caused a constant elevation of PRA.

Because plasma bradykinin levels did not change after

teprotide, it was concluded that the rise in PRA resulted

from blockade of the “short-loop” feedback mechanism

controlling renin release. McCaa (705, 706) aLso found a

persistent 6-fold increase in PRA when conscious so-

dium-deprived dogs were given a constant infusion of

teprotide over a seven-day period. This increase in PRA

was associated with a natriuresis and kaluresis.

Samuels et a!. (977) observed that teprotide did not

alter PRA or MAP in normal conscious dogs. Salt-dep-

rivation elevated basal PRA in these animals, and treat-

ment with teprotide lowered blood pressure and in-

creased PRA by 4-fold. In adrenalectomized dogs that

were given hormonal replacement therapy with DOCA

and corticosterone the inhibition of Al converting en-

zyme had no effect on PRA or MAP during the ingestion

of a normal salt diet, but a sharp fall in blood pressure

and increase in renin release was seen when the animals

had been ingesting a low salt diet. Because similar he-

modynarnic and hormonal responses followed the admin-

istration of saralasin, bradykinin was not considered to

play a role in the actions of teprotide. When phenyleph-

rime was used to maintain blood pressure at normal levets

in sodium-depleted adrenalectornized dogs, teprotide

elicited an increase in PRA similar to that when MAP

was allowed to fall. This observation, combined with the

facts that little reflex tachycardia occurred when tepro-

tide lowered arterial pressure and that propranolol did

not block the rise in PRA, led these researchers to

conclude that the nonapeptide inhibitors ofAl converting

enzyme stimulated renin release by blockade of the

“short-loop” feedback system.

As with saralasin (572), teprotide-induced renin release

was potentiated by sodium depletion and blunted by

sodium loading in conscious dogs (591). When infused

directly into the kidney, teprotide increased RBF, GFR,

and sodium excretion in sodium-deprived dogs but had

no effect on these parameters after a high salt diet. The

presence of elevated renin release in the face of an

increase in sodium excretion (591, 705) makes it unlikely

that teprotide stimulated renin release via the macala

densa.

Captopril also has been shown to elicit renin release in

anesthetized dogs (1170) and conscious dogs on a normal

(445) and sodium-restricted (705, 707) diet. In conscious

normotensive dogs, captopril caused a moderate dose-

rebated decrease in MAP without affecting heart rate

(445). In a parallel fashion, this drug elicited a dose-

related elevation of PRA (up to 15-fold increase), and

both the level of PRA achieved and the duration of the

effect were dose-dependent. Plasma renin activity was

thought to increase in response to the interruption of the

“short-loop” feedback mechanism and the fall in arterial

pressure. When given chronically to sodium-depleted

dogs for 2 weeks, captopril raised PRA, sodium excretion,

effective RPF, and blood kinin concentration while low-

ering MAP, GFR, and the level of urinary kallikrein

(707). In related studies, chronic oral therapy with cap-

topril increased PRA from 5.0 to 34.6 ng of AI/ml/hr,

and in the presence of beta-adrenergic blockade, capto-

pril caused PRA to rise to 5.9 ng of Al/mb/hr (R.E.

McCaa, persona! communication). Thus, in contrast to

the back of an effect of propranobob on teprotide-induced

renin release in conscious sodium-depleted dogs (977),

propranobob greatly attenuated the ability of captopril to

stimulate renin release in sodium-depleted dogs. How-

ever, this point is in need of further clarification since

the 5-fold elevation of PRA that followed the administra-

tion ofcaptopril to conscious rabbits (780) was not altered

by pretreatment with the beta-achenergic antagonist na-

dobol (V. S. Murthy, persona! communication).

The inhibition of Al converting enzyme by teprotide

and captopril has been found to elevate PRA in humans.

The nonapeptide teprotide has been reported to increase

PRA in both normotensive (978, 1167, 1215, 1217) and

hypertensive (202, 376, 381, 1167, 1215, 1217) humans. In
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like fashion, treatment with captopril stimulated remn

release in normotensive (326) and hypertensive (154, 156,

200, 223, 378) humans.

Concerning teprotide, Case et a!. (202) reported that

the i.v. administration of this compound increased PRA

in normal- and high-renin hypertensive patients on either

a low or normal salt diet but was without effect in

patients with bow-renin hypertension on either diet. A

close relationship was noted between the hypotensive

effect of teprotide and the subsequent rise in PRA.

Gavras et a!. (376, 381) suggested that the stimulation of

renin release by teprotide resulted from a combination of

blockade of the “short-loop” feedback controlling renin

release and the fall in blood pressure. In these studies,

PRA increased in supine hypertensive patients on a bow

or normal salt diet, and orthostasis-induced renin release

also was potentiated by teprotide. Other investigators

(978, 1167) have observed that teprotide.potentiated the

rise in PRA observed after the attainment of upright

posture. Sancho et a!. (978) observed a 2- to 3-fold

elevation of PRA after teprotide was given to supine

normotensive patients on a bow or normal salt diet. Blood

pressure fell slightly in the former case, but did not

change in the latter case. Thus, the stimulation of renin

release was felt to be due to a decrease in the concentra-

tion of All at the granular JG cells (978, 1167). The

ability of All to suppress renin release was found to be

impaired greatly in patients with essential hypertension,

as compared to normotensive volunteers. When the nor-

motensive and hypertensive subjects were placed on a

sodium-restricted diet, an equivalent decrease in blood

pressure after teprotide produced a smaller increase in

PRA in the hypertensive patients (1217).

Williams and Hollenberg (1215) examined the effects

of teprotide on RBF and plasma bradykinin levels in

supine sodium-depleted normotensive and hypertensive

patients. Renal blood flow was increased by the drug in

both groups, but the plasma concentmtion of bradykinin

was increased only in the hypertensive patients. A slight

vasodepression and an equal increase in PRA, as corn-

pared to basal values, was noted in both groups. These

data (1215) make it unlikely that teprotide stimulates

renin release by increasing the renal production of kinins

or activation of the renal baroreceptor.

In 1977, Ferguson et a!. (326) reported that a single

dose of captopril elicited a 2-fold increase in PRA in

normotensive humans without lowering blood pressure.

Because blood pressure did not fall, the rise in PRA was

conjectured to be the result of blockade of the “short-

loop” feedback ofrenin release. Case et a!. (200) disagreed

in a later study. The increase in PRA seen after the

administration of a single oral dose of captopril to seated

hypertensive patients was closely correlated with the

decrement in arterial pressure and the pretreatment PRA

value. During chronic oral therapy with captopril, PRA

was elevated in both the supine and upright positions. In

other clinical studies (378), chronic treatment of hyper-

tensive patients with captopril lowered MAP by 21% and

increased PRA by 5-fold. A greater stimulation of renin

release was observed in patients with renovascular hy-

pertension as compared to those with essential hyperten-

sion, and a slight elevation of pulse rate was seen in all

patients. As a result, it was concluded that captopril

stimulated renin release by blockade of the “short-loop”

control system, by activation of the renal baroreceptor

and by hypotensive activation of the renal sympathetic

nerves.

However, tachycardia in association with captopril-

induced hypotension is not a consistent observation (154,

223). For instance, Brunner et a!. (154) found that 1 week

of oral therapy with captopril lowered diastolic blood

pressure by 16% and increased PRA by 4-fold but did not

change heart rate. Because cardiac index was not

changed, Cody et a!. (223) concluded that the average

15% reduction in MAP caused by 3 days of oral therapy

with captopril was the result of a diminution of total

peripheral resistance. Despite the back of activation of

the sympathetic nervous system, PRA values tripled

during drug treatment. The usual increase in heart rate

and total peripheral resistance and decrease in cardiac

index attendant to passive tilting were not altered by

captopril; therefore, the lack of reflex cardiac stimulation

was suggested to be because captopril caused a significant

amount of venodilatation. It is hoped that the role of the

sympathetic nervous system in the renin release brought

about by captopril will be better defined in future studies.

To summarize, All receptor antagonists and inhibitors

of Al converting enzyme increase renin release in nor-

motensive and hypertensive animals and humans. In

general, the ability of these drugs to stimulate renin

release is dependent on the pretreatment level of PRA,

which is in turn affected by changes in salt intake. In

situations in which PRA is increased by these agents,

and yet blood pressure is unaltered, the stimulation of

renin release is probably the result of blockade of the

negative feedback effect of All on the secretory function

of the granular JG cells. The importance of this “short-

loop” inhibition of renin release is amplified by sodium

deprivation, but, in addition, the stimulation of renin

release in sodium-depleted states is partly attributable to

the hypotensive effect of these drugs. In certain situa-

tions, the partial agonist effect of saralasin actually

causes a decrease in renin secretion. Beta-adrenergic

receptor blockade prevents saralasin-induced renin

release in rats and humans, and inhibition of prostaglan-

din synthesis prevents this drug action in rats. Saralasin

causes a transient elevation of the circulating bevels of

norepinephrmne in the blood, but it is not known if the

drug actually alters the functional status ofthe peripheral

sympathetic neuron during continued therapy. Several

questions are stifi unanswered with regard to the renin

release induced by All receptor antagonists and inhibi-
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tors of Al converting enzyme. Do saralasin, teprotide,

and captopril stimulate renin release in conscious dogs

with a single, denervated, nonfiltering kidney? Does the

hypotensive action of these drugs result in a reflexly

mediated increase in the plasma concentration of nor-

epinephrmne?

F. Lithium

Lithium is used as a psychoactive agent in the treat-

ment of manic-depressive disorders (254, 992, 1018). The

major route of elimination of lithium from the body is

renal excretion (254, 992, 1018), and, bike sodium, approx-

imately 80% of the filtered lithium is reabsorbed in the

proximal tubule (1087, 1088). In addition, factors known

to increase or decrease the proximal tubular reabsorption

of sodium similarly increase or decrease the reabsorption

of lithium at this site (1�87, 1088). Thus, the clearances

of lithium and sodium have been found to be directly

related. In contrast to sodium, lithium is not reabsorbed

in the more distal segments of the nephron, and its

excretion is not altered by mineralocorticoids or diuretics

that act on these distal segments. Since lithium has

physicochemical properties that are similar to those of

sodium and potassium, and since the renal metabolism

of lithium and sodium are closely related, it is not sur-

prising that lithium alters renin release.

Gutman et a!. (425) were the first to demonstrate an

effect of lithium chloride on renin release. When rats

were injected with lithium chloride (6 mmobes/kg/day)

for 4 days, a 2- to 3-fold increase in PRA was observed.

In a later study (427), lithium chloride elicited a biphasic

change in renin release with small doses (3 mmoles/kg/

day) reducing the PRA by 50% and large doses (16

mmobes/kg/day) causing a 2-fold increase in PRA. When

a dose of sodium chloride equal to the largest dose of

lithium was given, basal PRA fell by 75%, and the in-

crease in PRA usually caused by lithium chloride was

blocked. When 5 mM lithium was added to the perfusate

of isolated perfused rat kidneys, renin release increased

4-fold. The authors (425, 427) conjectured that small

doses oflithium suppressed the release of renin by acting

on the macula densa in a manner similar to sodium

whereas large doses stimulated renin release by causing

sodium depletion. This latter suggestion is supported by

the finding that the co-administration of sodium chloride

blocked lithium-induced renin release. However, this sug-

gested mechanism of action does not explain why lithium

elicited renin release in the isolated perfused rat kidney.

Considering the known role of chloride in the control of

renin release by the macula densa (610), it would be of

interest to determine whether a low dose of lithium

carbonate suppressed PRA in vivo as much as a low dose

of lithium chloride.

Kierkegaard-Hansen (583, 584) found that chronic

treatment of rats with lithium chloride, sufficient to yield

serum lithium bevels of 0.44 mM, did not affect PRC,

plasma renin substrate content, or blood pressure. A

large dose of lithium chloride eventually resulted in an

average serum lithium concentration of 1.29 mM and

overt signs of lithium intoxication. In this situation, PRC

increased by 10-fold, plasma renin substrate concentra-

tion dropped by 72%, and blood pressure remained con-

stant. Neither dose was found to alter serum sodium

concentration, total body sodium content, or the amount

of exchangeable sodium (1086). A barge dose of lithium

chloride produced lithium intoxication, stimulated renin

release, and suppressed plasma renin substrate bevels in

rats ingesting a low, but not a high, sodium diet (584).

On the high sodium diet, however, PRC was increased if

the dose of lithium chloride was increased. As before, the

concentration of renin substrate in the plasma declined

significantly. It was pointed out that the rise in PRC and

the fall in plasma renin substrate content seen during

lithium intoxication was similar to the situation encoun-

tered after sodium depletion or bilateral adrenalectomy

(196). Again, it would be interesting to know whether

large doses of lithium carbonate had the same effect as

barge doses of lithium chloride.

Beck et a!. (66) studied the effects of lithium chloride

on basal and isoproterenol-stimulated renin release in

anesthetized dogs. After an oral dose of lithium chloride,

which raised the plasma lithium concentration to 0.9

mM, PRA doubled and urinary cyclic AMP excretion fell

by 66%. Mean arterial pressure, RPF, GRF, and sodium

excretion were not changed. Furthermore, lithium did

not affect the increase in PRA caused by isoproterenol.

Because sodium excretion, RPF, and GRF were not

altered by lithium in these experiments, the authors (66)

felt that it was unlikely that lithium increased PRA by

contraction of the extracellular volume or diminution of

the amount of sodium reaching the macula densa; how-

ever, no alternative explanation for the action of lithium

was proposed.

Several investigators (14, 265, 585, 1013) have noted

the effects of lithium carbonate on renin release in psy-

chiatric patients. Demers et a!. (265) were the first to

report that PRA was elevated approximately 2-fold in

four of six agitated patients on either a normal or low

sodium diet. In these patients, the serum lithium levels

varied between 0.75 and 1.34 mM. Shopsin et a!. (1013)

observed that PRA increased 4- to 6-fold within the first

24 hr after the administration oflithium to three patients.

However, during the second week of treatment, PRA

returned to pretreatment values despite therapeutic

levels of lithium in the blood. This finding prompted

these clinicians (1013) to state that lithium did not di-

rectby stimulate the release of renin. A similar transient

stimulation of renin release was reported by Altamura

and Morganti (14). In addition, they noted that PRA

increased more when lithium-treated patients were in

the upright position (14). Kierkegaard-Hansen et a!. (585)

found that PRC was not elevated in nine patients treated

with lithium for 3 months when compared to their pre-

treatment values. Also, in patients treated with lithium

for periods of 2 to 20 years, PRC did not differ from a
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control group of normal volunteers and manic-depressive

patients not receiving the drug.

In summary, lithium in small doses appears to inhibit

renin release but in large doses it stimulates its release.

The stimulatory effect is transient with PRA bevels re-

turning to normal within 2 weeks. This observation plus

the requirements for high plasma levels of lithium mdi-

cates that lithium does not tonically affect the release of

renin. The mechanisms by which lithium stimulates or

inhibitsrenin release have not been studied adequately.

Therefore, from the available data, we can only suggest

that these effects are due to an action of lithium on the

proximal reabsorption of sodium since: 1) the co-admin-

istration of sodium blocked the stimulatory effect of

lithium on renin release; 2) lithium does not alter sodium

reabsorption in more distal segments of the nephron; and

3) systemic and renal hemodynamics are not affected by

lithium.

G. Nonsteroidal Anti-Inflammatory Drugs

(Prostaglandin Synthesis Inhibitors)

Since the discovery by Vane (1137) in 1971 that non-

steroidal anti-inflammatory drugs such as aspirin and

indomethacin inhibited the synthesis of prostaglandins,

a monumental number of studies have been performed

with these drugs in an attempt to delineate the contri-

bution of endogenous prostagbandins to various physio-

logic phenomena. Along these lines, a number of inves-

tigators have used these prostaglandin synthesis inhibi-

tors to probe the involvement of renal prostaglandins in

the control of renin release. In reviewing these studies,

however, the reader must bear in mind that these drugs

have a number of actions, in addition to inhibiting pros-

tagbandin synthesis, that may alter the release of renin

(341). For instance, various inhibitors of prostaglandin

synthesis have been shown to antagonize the actions of

calcium (810), elicit salt and water retention (127), and

inhibit the enzymes phosphodiesterase and 1-aromatic

amino acid decarboxylase (341). Thus, even in studies in

which suppression of prostaglandin synthesis has been

clearly demonstrated, the evidence for a prostaglandin-

mediated mechanism of action is indirect and the conclu-

sions should be viewed with appropriate caution.

A number of studies (127, 286, 364, 807, 877, 966) have

examined the effect of inhibition of prostaglandin syn-

thesis on basal PRA values. Rumpf et a!. (966) found

that either single or multiple doses of indomethacin

reduced PRA by 49% in normal subjects in the recumbent

position. Furthermore, a single dose of indomethacin

continued to suppress PRA over a 12-hr period. After a

single dose of indomethacin, this suppression of renin

release occurred in the absence of any change in sodium

balance since sodium and potassium excretion and urine

volume were unchanged. The authors, however, failed to

mention if changes in blood pressure or heart rate oc-

curred. The same year, Patak et a!. (877) reported a 75%

suppression of PRA by indomethacin in normal subjects

and hypertensive patients. Urinary sodium excretion did

not change, but blood pressure increased significantly by

approximately 5 mm Hg. Norbiato et a!. (807), in studies

with normal humans in the supine position, observed a

16% suppression of PRA with aspirin and a 62% suppres-

sion with dicbofenac sodium after 2 days of treatment

with each drug. It should be mentioned that these inves-

tigators (807, 877, 966) did not measure the degree of

suppression of prostaglandin synthesis.

In contrast, Frolich et a!. (364) reported that indo-

methacin suppressed PRA by 48% in association with a

33% decrease in sodium excretion and a 55% decrease in

the urinary excretion of PGE. Since indomethacin did

not alter either the generation of Al in vitro or the

radioimmunoassay procedure used in their PRA deter-

mmations, the authors concluded that the fall in PRA

was due to a decrease in the release of renin. Donker et

a!. (286) also observed a 58% suppression of PRA, in

association with a 36% decrease in the excretion of so-

dium, when indomethacin was administered to a group

of normal subjects and patients with renal disease.

Indomethacin, in doses that suppressed the renal syn-

thesis of prostaglandins, decreased the release of renin in

conscious and anesthetized rabbits (635, 948, 951). In one

such study, Romero and Strong (951) observed a 85%

suppression of PRA by indomethacin in conscious rab-

bits. This fall in PRA was associated with a slight fall in

blood pressure, a 16% decrease in RBF, and an approxi-

mateby 85% suppression of PGE concentration in arterial

blood. Changes in salt and water excretion were not

determined. Similar changes in renin release were re-

ported for anesthetized rats after indomethacin (656) and

for conscious rats after indomethacin or mecbofenemate

(21a, 179, 180). Leyssac et a!. (656) found that indometh-

acin, in doses that lowered renal venous PGE2 levels by

61%, suppressed renal venous PRA by 30% and RPF by

18%. The proximal reabsorption of sodium increased by

8%, and MAP rose 7 mm Hg. Campbell et a!. (179, 180)

observed a 43% to 50% suppression of SRA after indo-

methacin and a 27% to 38% suppression of SRA after

mecbofenamate in conscious rats. The urinary excretion

of both PGE2 and PGF� was lowered by 75%. These

prostagbandin synthesis inhibitors failed to alter systemic

blood pressure. In like fashion, 3 days of oral therapy

with indomethacin, which has no effect on MAP, lowered

basal PRA by 60% to 70% in conscious SH and normal

rats.

Yun et a!. (1256) found that indomethacin decreased

renal venous PRA and renin secretion by 46% and 68%,

respectively, in sodium-depleted anesthetized dogs. This

change in renin secretion was accompanied by a 68%

decrease in RPF, a 36 mm Hg increase in MAP, a 28%

decrease in heart rate, a 79% decrease in urinary volume,

and no change in sodium excretion. Since indomethacin

increased blood pressure, the same experiments were

repeated in dogs in which renal perfusion pressure was

held constant by means of a suprarenal aortic clamp. As
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in the previous series of studies, indomethacin suppressed

renin secretion by 54% while decreasing RPF by 48% and

urinary volume by 57%. In a later report (1257), however,

indomethacin failed to alter the PRA of conscious dogs

on a high salt diet. Since indomethacin also failed to

affect the basal PRA of these same dogs after the induc-

tion of pentobarbitab anesthesia, but suppressed PRA in

anesthetized, laparotomized dogs (1256), the authors sug-

gested that baparotomy per se stimulated renin release

by a prostaglandin-mediated mechanism that was

blocked by indomethacin (1257). In support of this hy-

pothesis, Terragno et a!. (1080) found that anesthesia

alone did not change the renal venous concentrations of

these hormones. Other investigators (45, 246) also have

reported a fall in PRA in anesthetized, surgically stressed

dogs. For instance, Baffle et a!. (45) noted a 58% reduction

of arterial PRA and renin secretion after treatment with

indomethacin. This decrement in renin secretion was

accompanied by a 21 mm Hg increase in MAP, an 18%

decrease in RBF, and complete suppression of PGE

secretion from the kidney. In anesthetized dogs with a

single denervated, nonfiltering kidney, Data et a!. (246)

found that indomethacin did not reduce the renal venous

PRA significantly.

Thus, indomethacin and other nonsteroidal anti-in-

flammatory drugs suppress the basal release of renin in

humans and animals by a mechanism that may be rebated

to their ability to suppress rena! prostagbandin synthesis.

However, it should be noted that inhibitors of prosta-

gbandin synthetase may suppress renin release by either

a direct action on the granular JG cells or by an indirect

action that may involve salt and water retention, renal

vasoconstriction, or increased blood pressure. However,

the studies cited above suggest that renal prostaglandins

exert a tonic stimulatory influence on the release of renin

from the kidney.

In addition to altering basal renin release, these drugs

inhibit renin release that has been elevated by a number

of physiologic, pharmacologic, and pathologic stimuli. In

normal humans, Rumpf et a!. (966) observed that the 2-

fold increment in PRA associated with upright posture

was blocked completely by pretreatment with indometh-

acin. These results obtained with indomethacin were

confirmed by other workers (286). In addition, Norbiato

et a!. (807) performed similar studies with the prosta-

glandin synthetase inhibitors aspirin and dicbofenac so-

dium. In subjects on a normal sodium diet, upright pos-

ture caused a 3-fold increase in PRA. Aspirin and diclo-

fenac sodium reduced this orthostasis-induced renin

release by 73% and 79%, respectively. When the same

subjects were placed on a low sodium diet containing 15

to 30 mEq of sodium/day, PRA was increased 4-fold in

the supine position, and upright posture caused a further

2-fold increase in PRA. Treatment with dicbofenac so-

dium reduced supine PRA by 83% and standing PRA by

65%. Further sodium restriction (less than 15 rnEq of

sodium/day) produced an additional increment in supine

and standing PRA values; however, under these condi-

tions, dicbofenac sodium did not affect the elevated PRA

in either the supine or standing position. The authors

suggested that severe sodium depletion might directly

stimulate renin release by a mechanism not mediated by

prostaglandins. It would appear, however, that prosta-

glandins are involved in the renin response to postural

changes in humans. In agreement with the findings in

humans, indornethacin, in doses that decreased the un-

nary excretion of PGE and PGF by 68% and 52%, respec-

tively, reduced SRA by 43% in rats on a normal sodium

diet but failed to alter SRA in rats ingesting a low sodium

diet (179).

Ga!vez et a!. (371) examined the effects of indometha-

din on the increased renin release associated with potas-

sium deficiency in dogs. Following 3 weeks of potassium

depletion, PRA increased by 43-fold and urinary PGE

excretion by 8-fold whereas RPF, GFR, and MAP were

unchanged. Indornethacin reduced the urinary excretion

of PGE to bevels below the values before potassium

depletion and suppressed PRA by 96%. Plasma renin

activity remained suppressed during the 3 days of ther-

apy with indornethacin, but no change in sodium or

potassium balance occurred despite a 3-fold decrease in

urinary volume during the period. These researchers

suggested that the effect of potassium on renin secretion

was not due to changes in sodium transport or delivery

to the macala densa unless these factors were in some

way related to the synthesis of renal prostagbandins.

The role of renal prostagbandins in macala densa-me-

diated renin release has received little attention to date.

Williams et a!. (1218), with a stop-flow technique in

anesthetized dogs, found the peak concentrations of un-

nary PGE to be located in the portion of the tubular fluid

that would correspond to a nephron segment located

between the proximal and distal tubule. Therefore PGE,

and possibly other renal prostaglandins, enter the rena!

tubular fluid at a site proximal to the macala densa. If

the PGE reaching the macala densa inhibits the active

reabsorption of sodium and chloride, as it does in the

ascending limb of the loop of Henle (1052) and the

collecting duct (1051), then the rate of renin release

would be enhanced. It is hoped that the knowledge that

prostagbandins are present in the tubular urine bathing

the macala densa and the observation that furosemide-

and sodium depletion-induced renin release are impaired

by inhibitors of prostaglandin synthesis will stimulate

interest in this worthwhile area of research.

As discussed previously, prostaglandins appear to be

involved in the mediation of renal baroreceptor-stimu-

bated renin release. Since ureteral occlusion in anesthe-

tized dogs was thought to elevate renin release by acti-

vation of the renal baroreceptor mechanism (301), and

since this maneuver increased RBF and the urinary

excretion of PGE2 in anesthetized dogs (836), Bbackshear

and Wathen (95) tested the effects of indomethacin on

PRA and RBF during uretera! occlusion in anesthetized,
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hydropenic dogs. Blockade of renal prostagbandin syn-

thesis prevented the increase in RBF and markedly

blunted the increase in renin secretion normally observed

during ureteral clamping. After ureteral occlusion had

increased renin secretion and RBF in untreated animals,

an intrarena! arterial infusion of PGFIIZ did not further

elevate RBF or renin secretion. However, the infusion of

PGE2 in indornethacin-treated dogs after uretera! occbu-

sion resulted in renal vasodilatation and increased renin

secretion. It was concluded that renal prostaglandins

caused the increase in RBF seen during ureteral occlu-

sion. Furthermore, these prostaglandins, either directly,

or indirectly through vasodilatation, appeared to stimu-

late renin secretion during an increase in uretera! pres-

sure (95). Although indomethacin may inhibit renal vaso-

dilatation and renin secretion by actions (810) that do

not involve the inhibition of prostaglandin synthesis, it

does appear that these inhibitors have the potential to

alter baroreceptor-mediated renin secretion. Orthostasis-

induced renin release in humans is thought to be due to

activation of the renal sympathetic nerves (846) and

renal baroreceptor (69). Concerning the batter mecha-

nism, 2 hr of ambulation in 19 recipients of renal allo-

grafts was found to result in a 3-fold increase in PRA

(69). It would be of interest to determine whether indo-

methacin can prevent orthostasis-induced renin release

in patients with functioning renal allografts.

Indomethacin also has been found to inhibit furose-

mid#{233}-induced renin release in humans and animals (45,

364, 830, 877, 948, 966, 1074, 1191). Furosemide-induced

renin release is biphasic with the first increase in PRA

occurring within 10 mm followed by another larger in-

crease in PRA occurring 60 to 120 mm later (364, 830,

1191). In the most comprehensive study, Frolich et a!.

(364) found in norma! humans that i.v. furosemide pro-

duced a 2.6-fold increase in PRA that reached its peak

level at 10 mm. Indomethacin, in doses that caused a 55%

suppression of the urinary excretion of PGE, completely

inhibited the initial increase in PRA caused by furose-

mide. Indomethacin also reduced the natnuretic effect of

furosemide by 28% but did not alter the urinary excretion

or plasma levels of furosemide. Abe et a!. (3) observed a

2.5-fold increase in the urinary excretion of PGE in

normal and hypertensive humans within the first 2 hr

after i.v. furosemide. These changes in PGE excretion

were accompanied by a 4.5-fold increase in PRA and a 6-

fold increase in sodium excretion. Therefore, the initial

elevation of PRA caused by furosemide appeared to

result from the increased production of prostaglandins,

possibly PGE, and indornethacin prevented this initial

increase in PRA. In addition, pretreatment with indo-

methacin inhibited by 50% to 80% the second, later rise

in PRA caused by funosemide in humans and animals

(830, 877, 966, 1074, 1191). As a result, indomethacin can

modify the results obtained with the furosemide stimu-

lation test used to identify bow-renin hypertensive pa-

tients (364, 1074). For instance, Tan and Mulrow (1074)

administered furosemide orally to 12 normotensive hu-

mans the night before and the morning of the test,

followed by 4 hr of ambulation to elevate PRA further.

Indomethacin, in doses that suppressed the urinary ex-

cretion of PGE2 by 97%, prevented 78% of the stimulated

renin release. Thus, it is clear that indomethacin � in-

hibited the late rise in PRA elicited by furosemide;

however, in the absence of studies in which the urinary

losses of salt and water caused by furosemide were re-

placed, it is not known whether indomethacin reduced

the late rise in PRA by inhibiting furosemide-induced

natriuresis and/or renal prostaglandin synthesis.

Inhibitors of prostaglandin synthesis have been shown

to block orthostasis-induced renin release (286, 807, 966),

which is known to involve activation of the sympathetic

nervous system (846) and renal baroreceptor (69). Thus,

prostagbandins also may be involved in the elevation of

renin release by the sympathetic nerves. In order to

explore this possibility, Frolich et a!. (365) infused iso-

proterenob i.v. into normal humans on a 150 mEq/day

sodium diet and observed a 20 beat/mn increase in heart

rate and a 5-fold increase in PRA. Pretreatment with

indomethacin, in a dose that decreased the urinary ex-

cretion of the major urinary metabolite of PGE2 by 50%,

suppressed the isoproterenob-induced increase in PRA by

91%. Interestingly, in subjects ingesting a 10 rnEq/day

diet, isoproterenob increased PRA only 2-fold and indo-

methacin failed to reduce basal or isoproterenol-stimu-

bated renin levels. Campbell et a!. (180), in conscious rats,

found that the vasodilator hydralazine caused a 10-fold

increase in SRA whereas a equidepressor dose of chlori-

sondamine, a ganglionic blocker, caused only a 2-fold

increase in SRA. The renal baroreceptor stimulation

produced by the two drugs was similar, and the difference

in the renin responses to chlorisondamine and hydrala-

zine was thought to be due to the presence of a functional

sympathetic nervous system in the hydralazine-treated

rats. In support of this hypothesis, the rise in SPA caused

by hydralazine, but not that caused by chlorisondamine,

was inhibited by pretreatment with propranobob (180a).

However, the elevation of SRA caused by chlorisonda-

mme, which has been shown to be the result of activation

of the renal baoreceptor (571), was completely blocked

by pretreatment with indomethacin. The hypotension

following chlorisondamine was not affected by indometh-

acin (180). In addition, indomethacin and mecbofena-

mate, in doses that reduced the urinary excretion of

PGE2 and PGF� by 65% and 89%, respectively, inhibited

hydralazine-induced renin release by 100% and 77%, re-

spectively. Since pretreatment with a combination of

indornethacin and propranobol did not inhibit hychala-

zine-induced renin release to a greater extent than did

either blocker alone, the authors concluded that indo-

methacin and propranobob inhibited hydralazine-induced

renin release by a common mechanism that involved the

sympathetic nervous system (180a).

This contention was supported further by the obser-
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vation that indomethacin prevented 70% of the 4-fold

increase in renin release elicited by the beta-adrenergic

agonist isoproterenol (180). Indomethacin did not alter

isoproterenob-induced hypotension and tachycardia;

therefore, the inhibitory effect of indomethacin was not

due to beta-adrenergic receptor blockade, but rather was

thought to be due to inhibition of a mechanism distal to

renal beta-adrenergic receptors. In addition, beta-ache-

nergically mediated renin release was stimulated with

intraarterial infusions of isoproterenol and the selective

beta1-adrenergic agonist H133/22. Blood pressure did not

change with either drug. Indomethacin inhibited the

renin release, caused by these two drugs by 67% and 80%,

respectively. This belief was further substantiated by the

observation that pretreatment with indomethacin totally

prevented the 5-fold increase in SRA produced by the

infusion of dibutyryl cyclic AMP into the aorta above the

kidneys. Based on these findings with hydralazine, iso-

proterenob, H133/22, and dibutyryl cyclic AMP, Camp-

bell et a!. (180) concluded that renal prostaglandins, by

acting at a site distal to the beta-adrenergic receptors of

the granular JG cells, serve as mediators of sympatheti-

cally-induced renin release in the conscious rat.

Other researchers have also investigated the effects of

indomethacin on isoproterenol-stimulated renin release.

Seymour and Zehr (1006a) reported a 3-fold increase in

PRA after an i.v. infusion of isoproterenol into anesthe-

tized, unilaterally nephrectomized dogs. An intrarenal

infusion of indomethacin decreased the basal PRA by

56% and inhibited isoproterenol-stimulated renin release

by 66%. Feuerstein and Feuerstein (331a) also reported

that indomethacin inhibited by 91% the 5-fold increase

in PRC that accompanied an intrarenal infusion of iso-
proterenob into anesthetized cats. In contrast to these

reports, Berl et a!. (75a), in anesthetized dogs, observed

a 5-fold increase in PRA, an increase in heart rate and a

decrease in MAP after an i.v. infusion of isoproterenob.

Indomethacin did not change the increment in PRA that

followed isoproterenol infusion. A similar back of effect

was obtained with indomethacin when renal perfusion

pressure was maintained constant (by adjusting a supra-

renal aortic clamp) during the isoproterenol infusion.

Campbell et a!. (182) found that hydralazine caused a

10-fold increase in PRA and a 3-fold increase in the

plasma concentration of norepinephrine and epinephrmne

in conscious rabbits. Indomethacin, in a dose that low-

ered renal venous PGE2 levels by 56%, blocked hydrala-

zine-ebicited renin release but not catechoba.mine release.

Indomethacin did not affect the fall in blood pressure

brought about by hydralazine, but the reflex increase in

heart rate was attenuated. Thus, in the rabbit, as in the

rat, indomethacin inhibited the renin release that accom-

panied reflex activation of the renal sympathetic nerves.

Subsequently, the same investigators (187) adminis-

tered insulin to conscious rats to activate the sympathetic

nervous system and stimulate renin release. Insulin in-

creased PRA, plasma epinephrmne, and plasma norepi-

nephrine by 3-, 9.6-, and 1.6-fold, respectively. The un-

nary excretion of PGE2 and PGF2a doubled. Indometha-

din inhibited insulin-induced renin release by 67% and

blocked the insulin-induced increment in urinary PGE2

and PGF�. The changes in the plasma glucose and

plasma catecholamine concentrations seen after insulin

were not changed by indomethacin.

In closely rebated studies, bilateral adrenalectomy of

rats resulted in a progressive rise in PRC over a 72-hr

period. Up to 48 hr after adrenalectomy, neither pro-

pranobob or indomethacin affected PRC, but 60 hr after

adrenalectomy, both propranobob and indomethacin bow-

ered renin release by about 50% (731a). Combined treat-

ment with propranobob and indomethacin did not show

additive effects in the suppression of adrenalectomy-in-

duced renin release.

A number ofstudies (180, 182, 187, 286, 331a, 366, 731a,

807, 966, 1006a) suggest that renal prostagbandins may be

involved in the stimulation of renin release by the sym-

pathetic nervous system. Furthermore, these hormones

appear to act distal to the beta-adrenergic receptors of

the granular JG cells. However, additional studies are

necessary to clarify this relationship. In particular, it is

of cardinal importance to determine the effects of inhib-

itors of prostaglandin synthesis on 1) the renin release

elicited by direct stimulation of the renal nerves in vivo

and 2) the renin release induced by isoproterenob and

dibutyryb cyclic AMP in renal cortical slices in vitro.

Inhibitors of prostaglandin synthetase also have been

shown to reduce hemorrhage-induced renin release,

which is probably mediated by the renal baroreceptor

and renal sympathetic nerves. For example, Romero et

a!. (948) found that the rapid removal of 24 ml of blood

caused a 5-fold increase in PRA in conscious rabbits.

Indomethacin, in a dose that completely suppressed the

renal synthesis of PGE, prevented the elevation of PRA

that followed hemorrhage. Aspirin and mecbofenamate,

in doses that reduced the renal synthesis of PGE by 90%,

also suppressed hemorrhage-induced renin release by

56% and 25%, respectively. Unfortunately, the changes in

RBF or MAP after hemorrhage were not reported so

interpretation ofthe data is difficult. However, McKenzie

et a!. (719) found that MAP did not fall below 77 mm Hg

when conscious rabbits were rapidly hemorrhaged to a

similar extent. Thus, blockade of prostagbandin synthesis

prevented the increase in PRA (948) brought about by

nonhypotensive hemorrhage (719) in rabbits. In contrast,

Hennich et a!. (472) hemorrhaged anesthetized dogs such

that MAP was reduced by 30% (from 150 to 104 mm Hg).

This degree of hemorrhage resulted in a 3.5-fold increase

in PRA, a 33% decrease in RBF, and a 23% reduction in

GFR. In the presence of indomethacin, this same degree

of hypotensive hemorrhage still elevated PRA by 3.8-

fold, but now both RBF and GFR were reduced by 80%.

The renal concentration of prostagbandins was sup-

pressed by 94% of control values. Similar results were

obtained when the competitive inhibitor of prostagbandin
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synthetase, RO 20-5720, was given prior to hemorrhage.

The disparate results reported in these two studies (472,

948) can be reconciled by assuming that renal prosta-

glandins mediate the release of renin that occurs follow-

ing nonhypotensive hemorrhage in which RBF and GFR

are maintained. However, following hypotensive hemor-

rhage, in which RBF and GFR are significantly reduced,

the release of renin is controlled by factors other than

the prostaglandins. This situation would be analogous to

that observed with baroreceptor-mediated renin release

in which renal prostagbandins mediate the renin release

only within the autoregubatory range of RBF (vide su-

pra).

Isakson et a!. (520) observed the hemodynamic and

endocrine effects of endotoxic shock in the presence and

absence of indomethacin. The i.v. injection of Esche-

richia coli endotoxin into anesthetized dogs resulted in

a 70 mm Hg fall in MAP and a 12-fold increase in PRA.

When indomethacin was administered 60 mm after endo-

toxin, there was a 40 mm Hg rise in MAP, a 55% sup-

pression of the elevated PRA levels, and a large drop in

the plasma concentration of prostaglandin-like material.

Similarly, if indomethacin was administered prior to the

endotoxin, the fall in MAP and the rise in PRA were

attenuated. The authors concluded that the suppression

of the endotoxin-induced renin release by indomethacin

could have been due to: 1)an indirect effect of the drug;

2) the indomethacin-induced rise in MAP; or 3) the

ability of indomethacin to prevent the increase in renin-

stimulating prostaglandins normally caused by endo-

toxin. Since the precipitious fall in MAP caused by

endotoxin would be expected to stimulate the renin

release by reflex activation of the sympathetic nervous

system as well as stimulation of the intrarena! barorecep-

tor, indomethacin appears to exert an inhibitory action

on both of these mechanisms.

The effect of prostaglandin synthesis inhibitors on

renin release was examined in rabbits with one- and two-

kidney renovascular hypertension (949, 951). Larsson et

a!. (635) and Romero et a!. (949) observed a 35 mm Hg

rise in MAP within 5 weeks in rabbits with one-kidney

Goldblatt hypertension, and although no change in PRA

or arterial plasma PGE concentration was noted, RBF

was reduced by 29%. The administration of indomethacin

at this point reduced PRA by approximately 80% and

RBF by 20% whereas MAP was slightly increased. In

two-kidney Gobdblatt hypertensive rabbits (951) with

normal PRA values, indomethacin reduced PRA by ap-

proximately 50% and lowered plasma PGE levels to a!-

most undetectable bevels. Mean arterial pressure was not

altered. Thus, the changes in PRA, plasma PGE concen-

tration, and MAP seen after indomethacin were similar

to those observed in normal rabbits. In contrast, when

indomethacin was given to two-kidney Gobdblatt hyper-

tensive rabbits with elevated PRA values, renal failure

and malignant hypertension ensued. As before, PRA

values dropped by 50%. In each of the three hypertensive

models, treatment with indomethacin was associated

with a fall in PRA, a reduction in renal function, and

suppression of arterial plasma PGE concentrations (635,

949, 951). Along these lines, Tores et a!. (1099) reported

that indomethacin prevented the rise in PRA associated

with glycerol-induced failure even though it enhanced

the severity of the renal failure.

In patients with postmalignant hypertension, indo-

methacin decreased PRA by 59% and the urinary excre-

tion of PGE by 67% (364). This decrement in renin

release was associated with a 50% drop in urinary sodium

excretion and an average weight gain of 0.8 kg. Patak et

a!. (877) found that furosemide produced similar incre-

ments in PRA in normal and hypertensive humans, and

this stimulated renin release was inhibited by 75% by

pretreatment with indomethacin. Thus, in hypertensive

patients, as in normal subjects, inhibition of prostaglan-

din synthesis reduced both basal and stimulated renin

release. Based on the observation that both the basal

and furosemide-stimulated excretion of PGE in the urine

was approximately 50% less in hypertensive patients than

in normotensive subjects, several groups of researchers

have suggested that a deficiency in renal prostaglandin

production exists in hypertensive humans (3, 178, 1073,

1075). Other investigators, however, have failed to ob-

serve these differences (1247). If such an abnormality in

fact does exist, its relationship to the release of renin in

these patients is unknown.

Perhaps the disease in which the effect of prostaglan-

din synthesis inhibitors has been studied most exten-

siveby is Batter’s syndrome, a condition characterized

by hyperreninemia, hyperaldosteronism, normotension,

hypokalemia, juxtagbomerular hyperplasia, insensitivity

to the pressor effects of All, and an increased production

of renal prostaglandins (714). In 1976 Verberckmoes et

a!. (1148) reported that indomethacin reversed the hy-

pokalemia, hyperreninemia, hyperaldosteronism, and an-

giotensin insensitivity of Batter’s syndrome. Since that

time, a number ofreports, involving 12 patients of various

ages, have revealed that the administration of the pros-

taglandin synthesis inhibitors indomethacin, aspirin, or

ibuprofen resulted in reversal of the abnormalities ob-

served in Batter’s syndrome (287, 335, 395, 437, 808,

1015, 1148). McGiff (714) recently has reviewed the robe

of prostaglandins in Batter’s syndrome and the treat-

ment of this disease with inhibitors of prostaglandin

synthetase. Gill et a!. (385) observed that the urinary

excretion of PGE2 was greatly increased in three patients

with Batter’s syndrome. Furthermore, indomethacin re-

duced the urinary excretion of PGE2 in each of the

patients and lowered both the supine and standing PRA

values. Thus, it would appear that the enhanced renal

production of prostaglandins is responsible for the hy-

perreninemia observed in this pathologic state. Whether

this enhanced prostaglandin synthesis is a primary event

or secondary to the hypokalemia (371) or other unknown

factors remains to be determined.
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Finally, Kochar and Itskovitz (598) studied the effects

of indomethacin in four patients with idiopathic ortho-

static hypotension (Shy-Drager syndrome). Upon stand-

ing, patients with this condition, which is characterized

by an autonomic nervous system insufficiency of un-

known origin, develop hypotension without a reflex in-

crease in heart rate. They found that PRA levels were

low in each of the patients and failed to increase in

response to sodium depletion; however, indomethacin

produced a slight reduction in PRA, particularly in those

patients with the higher initial PRA values. More impor-

tantby, all four of the patients had higher systolic and

diastolic blood pressure in the upright position during

treatment with indomethacin and thus obtained symp-

tomatic relief from their orthostatic hypotension. The

authors (598) suggested that the orthostatic hypotension

observed in Shy-Drager syndrome may result from a

relative excess of a vasodilator prostaglandin as well as

autonomic insufficiency. Since this syndrome is charac-

terized by bow PRA bevels, whereas Batter’s syndrome

is characterized by high PRA levels, the authors felt that

the enhanced prostaglandin production must not be of

renal origin.

In summary, these studies indicate that nonsteroidal

anti-inflammatory drugs inhibit the release of renin by a

mechanism most likely rebated to inhibition of the syn-

thesis of renal prostagbandins. Furthermore, it would

appear that endogenous renal prostaglandins are in-

volved in baroreceptor- and sympathetically-mediated

renin release. Their involvement in the renin release

mediated by the macala densa is not known at present.

An overproduction of renal prostagbandins seems to me-

diate the hyperreninemia of Batter’s syndrome, and

inhibitors of prostagbandin synthesis have been shown to

lessen the biochemical changes that characterize this

disease. Although renal prostaglandins appear to mediate

the elevated PRA values observed in other pathologic

conditions, there is no evidence to date that this media-

tion is rebated to an underlying abnormality of the renal

prostaglandin system.

H. Steroids

Based on both clinical and experimental observations,

researchers realized many years ago that steroids, partic-

ularby those from the adrenal gland, have the ability to

alter the release of renin. In fact, it is now appreciated

that aldosterone is one of the principal bong-term physi-

obogic regulators of renin release. Therefore, we will

consider the effects of the various classes of steroids on

the release of renin.

1. Mineralocorticoids. In 1953, Hartroft and Hatroft

(449) published one of the first studies concerned with

the mechanism by which DOCA altered renin release.

They administered DOCA to rats on a bow, normal, or

high sodium intake for 2 to 3 weeks and then examined

the kidneys histologically for granular JG cells. In rats

ingesting a bow sodium diet, DOCA failed to affect the

JG cell index whereas DOCA reduced the JG cell index

in rats on a normal or high sodium diet. The greatest

reduction in the number of granular JG cells occurred in

the rats on a high salt diet. The authors concluded that

the effects of DOCA on JG cell granularity was secondary

to its effects on salt metabolism.

In a subsequent study of similar design, Goodwin et a!.

(398) noted that 6 weeks of treatment with DOCA did

not change blood pressure, plasma electrolytes, or PRA

in rats that had been ingesting a bow sodium diet. How-

ever, in rats ingesting a high sodium diet, DOCA sup-

pressed PRA by 84% but also increased blood pressure

by 64 mm Hg. Blood for the measurement of PRA was

taken after ether-induced anesthesia. Since DOCA low-

ered PRA only when dietary sodium was available, it was

concluded that the suppression of renin release by DOCA

was sodium-dependent and not due to a direct inhibitory

effect of the steroid. It is not known whether the rise in

blood pressure in the rats given DOCA and a high salt

diet contributed to the suppression of renin release. The

ability of DOCA to suppress renin release in rats ingest-

ing a normal or high sodium intake was subsequently

confirmed by several investigators (36, 183, 245, 377, 784,

896). In anesthetized rats, Nasjbetti and Masson (784)

found that achenalectorny increased PRA 24-fold and

that this rise in PRA was reversed by administering

steroids. The descending order or potency in reversing

adrenalectomy-induced renin release was DOCA, aldo-

sterone, cortisob, and corticosterone. Pettinger et a!. (896)

found PRA to be lowered by 86% after 1 day and by 95%

after 3 days of treatment in conscious rats with DOCA.

The addition of sodium chloride to the drinking water

accelerated the rate of suppression of renin release but

did not affect the maximal inhibition observed with

DOCA alone. In a subsequent study, Czyzewski and

Pettinger (245) reported that DOCA plus sodium chloride

suppressed renin release in 4-, 8-, and 16-week old

Sprague-Dawley, Wistar, and SH rats. However, at 40

weeks of age, the same regimenwas inhibitory to renin

release in the Sprague-Dawley and Wistar rats, but was

without effect in SH rats. Thus, at beast one step in the

mechanism responsible for the inhibition of renin release

by mmeralocorticoid� and sodium chloride appeared to

become inoperative in SH rats as the disease progressed.

Unfortunately, sodium and potassium balances were not

determined in these experiments, so it is not known

whether DOCA has the same mmeralocorticoid potency

in young and old SH rats.

To determine whether DOCA suppressed renin release

via its effects on salt metabolism or by a direct action on

the granular JG cells, deJong (262) examined the effect

of DOCA treatment on the release of renin in vivo and in

vitro. He found that rats treated with DOCA and sodium

chloride for four days exhibited a 50% reduction in PRA.

Furthermore, when the kidneys from these same rats

were incubated in vitro, the release of renin into the

medium was reduced by 50% even though the renin
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content of the kidneys was unchanged. However, DeVito

et a!. (276) found that DOCA did not alter the release of

renin in vitro when added to the incubation media of rat

renal slices. These findings suggest that 1) DOCA does

not exert a direct effect on renin release when added to

renal cortical slices and 2) DOCA exerts a prolonged

effect on renin release such that treatment in vivo alters

the subsequent release of this enzyme in vitro. In a study

of DOCA-salt hypertension in rats, Mohning et a!. (761)

noted that PRC was suppressed by 88% after 4 weeks of

treatment. In the animals with nonmalignant hyperten-

sion, the plasma levels of AVP were increased 3-fold but

plasma sodium concentration and the hematocrit were

essentially unchanged. As mentioned previously, AVP

has a direct inhibitory effect on renin release, but the

role of increased circulating bevels of AVP in the inhibi-

tion of renin release caused by bong-term treatment with

DOCA and saline is unknown.

Haynes et a!. (458) were among the first to study the

effects of DOCA on renin release in the unanesthetized

dog. In three dogs given DOCA for 3 to 5 days, no change

in blood pressure, PRA, or plasma renin substrate con-

centration was observed. In a subsequent study, Robb et

a!. (937) observed a 60% decrease in PRA in conscious

dogs treated with DOCA for 2 weeks; however, if the

dogs were placed on a bow sodium diet, DOCA failed to

suppress renin release. The authors concluded that

DOCA did not inhibit renin release in the absence of

plasma volume expansion and thus excluded a direct

action of the steroid on the granular JG cells. When

Marks et a!. (696) increased the endogenous bevels of

DOC by administering metyrapone to conscious dogs,

they observed an increase in MAP and a decrease in

PRA. In addition, neither furosemide nor furosemide

combined with a bow sodium diet increased PRA in dogs

treated with metyrapone. It was conjectured that metyr-

apone suppressed basal and stimulated renin release

either through a direct action on the granular JG cells or

by elevating the circulating bevels of DOC.

Starting with normal humans that had been sodium-

depleted and patients with renal disease, Warren and

Ferris (1173) determined the renin response of both

groups to DOCA and a normal sodium diet. In nOrmal

sodium-depleted subjects, PRA levels were suppressed

to undetectable bevels by the administration of DOCA.

These changes in PRA were accompanied by a marked

increase in body weight and ECF volume. In contrast,

DOCA reduced but failed to suppress completely PRA

in patients wth chronic renal disease and renal artery

stenosis despite an attendant increase in body weight

similar to that observed in the normal subjects. Thus, it

appeared that DOCA suppressed renin release in normal

subjects by expansion of the extracellular fluid volume;

however, in patients with renal disease, this control

mechanism for renin release appeared to be defective.

After administering small doses of DOCA to normal

humans, Shade and Grim (1009) observed a fall in PRA

within 48 hr, and PRA continued to fall during the next

four days. Similar decrements in PRA were observed

whether the subjects were ingesting a high or low sodium

diet. At either level of sodium intake, the fall in PRA was

accompanied by an increase in the cumulative sodium

balance and the ECF volume. In agreement with previous

studies (1173), these investigators (1009) concluded that

the most probable mechanism by which DOCA sup-

pressed renin release was through expansion of the extra-

cellular fluid volume.

Geelhoed and Vander (382) assessed the effects of

aldosterone on renin release in both conscious and anes-

thetized dogs. When renal perfusion pressure was held

constant, the acute administration of aldosterone to anes-

thetized dogs resulted in an increase in renal venous PRA

in one dog and a decrease in two other animals. When

renal perfusion pressure was decreased in order to stim-

ulate renin release, an infusion of aldosterone did not

affect the changes in renin release, GFR, RPF, or sodium

excretion that accompanied this maneuver. In chronic

studies in conscious sodium-depleted dogs, aldosterone

reduced arterial PRA values slightly. In addition, the

administration of aldosterone to adrenalectomized dogs

reduced the rate of rise of arterial PRA that occurred

during dietary sodium restriction. Unfortunately, the ef-

fects of chronic aldosterone administration on renin

release in dogs on a normal or high sodium intake were

not studied. Despite this fact, the authors decided that

the aldosterone-induced changes in renin release were a

function of sodium balance rather than the elevated

levels of plasma aldosterone per Se. This conclusion,

however, is supported by the studies of several investi-

gators (276, 961, 1154) who found that aldosterone failed

to alter the release of renin from rat renal cortical slices

in vitro.

The most comprehensive study of the effects of plasma

aldosterone concentration on renin release is that of

Young and Guyton (1248), who measured PRA, the

plasma concentrations of sodium and potassium, sodium

space, and MAP in conscious, adrenalectomized dogs

infused at four different bevels ofaldosterone concentra-

tion over a 13-week period. The animals also received

a constant infusion of the synthetic glucocorticoid

methybprednisobone at a dose that had no mi�era!ocor-

ticoid activity. Plasma renin activity rose very rapidly

when aldosterone was infused at a level below the normal

secretory rate despite the fact that plasma potassium

concentration increased. However, both ECF volume and

plasma sodium content decreased significantly at this

subnormal plasma concentration of aldosterone. Renin

release fell off to undetectable levels at aldosterone in-

fusion rates slightly above normal, and this suppression

of renin release by aldosterone was accompanied by an

increase in ECF volume, a decrease in plasma potassium

concentration, and a 10 mm Hg rise in MAP. Therefore,

changes in PRA correlated inversely with changes in

ECF volume as the steady-state plasma bevels of aldos-
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terone were altered. It is interesting to note that changes

in plasma potassium concentration did not have their

normal effects on PRA in these experiments. However,

it should be remembered that an increase in plasma

potassium concentration appears to inhibit renin release

by increasing sodium excretion, and it is probable that

the marked antinatriuretic effects of aldosterone ex-

ceeded the mild natriuretic effect of potassium in these

experiments.

DeChamplain et a!. (261) observed a 35% decrease in

PRA when a short-term infusion of aldosterone was given

to sodium-depleted humans, and this fall in PRA was

accompanied by a decrease in sodium excretion and

blood pressure. The suppression of PRA to low or unde-

tectable levels in most patients with Conn’s syndrome is

felt to be the result of the salt retention caused by the

large increase in the circulating levels of aldosterone

(226).

Finally, the effect of several other mi�eralocorticoid.�

on renin release have been explored. Gomez-Sanchez et

a!. (36,395) compared 16-beta-hydroxy-dehydroepian-

drosterone (16-/3-hydroxy-DHEA) and DOCA in con-

scious rats, and found that the two steroids, when given

in doses that had equal renal mmeralocorticoid activity,

had markedly different effects on renin release. Whereas

long-term administration of DOCA increased blood pres-

sure and suppressed PRA, 16-$-hydroxy-DHEA failed to

alter either of these parameters. Licorice also has been

reported to have mineralocorticoid activity, and Epstein

et a!: (306, 307) found that the ingestion of confectionery

liconce reduced PRA by 85% and increased plasma po-

tassium by as much as 1.5 mEq/b in normal humans.

In summary, mmeralocorticoid� appear to suppress

renin release through their action on the distal tubule,

which increases the reabsorption of sodium and water

and thus expands extracellular fluid volume. In those

states in which mi�eralocorticoid� cannot exert this ef-

fect, e.g. severe sodium depletion, these compounds do

not affect renin release. The importance of the tubular

effects of mmera!ocorticoi(ls in the suppression of renin

release is emphasized by the fact that DOCA and aldo-

sterone have no effect on renin release from renal cortical

slices in vitro. Although the presence of sodium ions in

the tubular fluid appears to be a prerequisite for the

suppression of renin release by mmeralocorticoids, the

role of other ions is unknown. Presumably the increase

in ECF volume elicited by mmera!ocorticoids suppresses

renin release by activation of the renal baroreceptor and/

or reflexby mediated withdrawal of renal sympathetic

tone. The robe of AVP in the inhibition of renin release

by mi�eralocorticokls also needs to be clarified.

2. Glucocorticoids. As discussed previously, Nasjbetti

and Masson (784) found that the administration of ste-

roids to rats decreased the elevated PRA that occurred

secondary to adrenalectomy. They found that corticos-

terone and cortisob decreased PRA and increased plasma

renin substrate levels; however, these glucocorticoids

were less than 1/100th as potent as the mmeralocorti-

coids in the suppression ofrenin release. Hauger-Kbevene

et a!. (456) examined the effects of dexamethasone and

cortisob on PRA in conscious intact rats. As in the pre-

vious study (784), they (456) found that large doses of

steroids decreased PRA by 54%. However, in a subse-

quent study (452) the same authors reported that the

same dose of dexamethasone did not change PRA in

conscious rats. The reason for this discrepancy was not

mentioned.

Krakoff et a!. (616) compared the effects of 2 weeks of

treatment with DOCA and methylprednisobone in rats.

Blood samples were obtained after anesthesia. Methyl-

prednisobone caused a significant 37 mm Hg increase in

MAP whereas DOCA was without effect. Furthermore,

methybprednisobone increased PRA by 2-fold and plasma

renin substrate by 42%, but PRC was not increased

significantly. None of these parameters were changed

significantly by DOCA. Since the plasma angiotensino-

gen concentration was increased by 42%, the increase in

PRA could have been due to this factor rather than an

increase in renin release per se. However, when the

control, methylprednisobone- and DOCA-treated animals

were placed on a high sodium diet, PRC and PRA de-

creased to a similar bevel in all three groups of rats, but

plasma renin substrate content remained elevated in the

methylprednisobone group. From these studies, the au-

thors suggested that the rise in PRA caused by methyl-

prednisobone may have been due to the mild sodium

depletion produced by this agent since no rise in PRA

was observed in similarly treated rats on a high sodium

diet. Such a conclusion is consistent with other reports

in which it was shown that methylprednisobone (260) and

prednisobone (912) increased the urinary excretion of

sodium either by increasing GFR (260) or by decreasing

the proximal reabsorption of sodium (912). Furthermore,

one of the batter studies (260) indicated that methylpred-

nisobone increased RPF by 42% and that this increase

occurred mainly in the inner cortical nephrons. Thus, it

would appear that the increase in renin release caused

by methybprednisobone must have been due to mild so-

dium depletion since an increase in inner cortical renal

blood flow and an increase in MAP would both tend to

decrease, rather than increase, the release of renin.

It should be pointed out that other glucocorticoids

beside methylprednisobone have been shown to elevate

the plasma concentration of renin substrate in animals;

among them are cortisone (466) and hydrocortisone

(638). These observations explain the ability of adrenal-

ectomy to prevent the increase in plasma renin substrate

caused by ACTH (458) and the ability of ACTH to

reverse hypophysectomy-induced depression of plasma

angiotensinogen concentration (466).

Newton and Laragh (792) examined the effects of

glucocorticoids on renin release in normal subjects and

patients with essential hypertension. When they admin-

istered either dexamethasone or hydrocortisone chroni-
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cally to normal subjects on a bow sodium diet, the changes

in PRA were variable with a decrease occurring in seven

subjects, an increase in two and no change in one. A

similar pattern was observed in patients with essential

hypertension. The net mean change in PRA was a de-

crease; however, this change was not statistically signifi-

cant. When a single dose of hydrocortisone was admin-

istered to normal subjects, PRA was not changed. It was

concluded that these steroids had no direct effects on

renin release. Furthermore, it was suggested that the

decrease in renin release caused by chronic treatment

with gbucocorticoids may have resulted from a shift of

sodium from the intracellular compartment into the ex-

tracellular compartment with an accompanying increase

in blood volume.

Kelsch et a!. (576) studied the effects of prednisone on

renin and norepinephrmne release in normotensive so-

dium-depbeted subjects. They noted that prednisone had

no significant effect on PRA, whereas plasma norepi-

nephrmne concentration was decreased by 54%. Plasma

volume was increased by 1.6 mi/kg. Katz et a!. (565)

assessed the effects of i.v. infusions of large doses of

prednisobone on PRA in normal subjects and patients

with renal homografts. Prednisobone decreased PRA by

36% in normal subjects and by 48% in the patients with

renal transplants. The authors (565) suggested that renin

release was suppressed by the gbucocorticoid-induced

increase in extracellular fluid volume and cardiac output.

The rapidity of the response seemed to rule out any

effect ofprednisolone on renal salt and water metabolism.

The fact that prednisolone also lowered PRA in subjects

with renal homografts tends to eliminate the involvement

of the sympathetic nervous system in this effect.

Finally, Krakoff (614) measured PRA and renin sub-

strate levels in patients treated with gbucocorticoids for

various pathologic conditions. In this heterogenous

group, glucocorticoids increased renin substrate levels by

2-fold and PRA by 3.3-fold. A similar effect was observed

in patients with Cushing’s syndrome (614), but other

investigators (693) have reported that upright PRA val-

ues are suppressed slightly in some patients with Cush-

ing’s syndrome.

In summary, the effects of glucocorticoids on renin

release appear to be slight and variable. In the absence

of studies designed to compare the effects of the various

gbucocorticoids on renin release over a range of doses and

to correlate these findings with changes in sodium excre-

tion, blood pressure, RBF, and plasma volume, little can

be said concerning the mechanism by which these ste-

roids modify renin release.

3. Androgens. Nasjletti et a!. (785) were the first to

study the effects of testosterone on the renin-angiotensin

system. In ovariectomized rats, they found that admin-

istration of testosterone for 21 days had no effect on

plasma renin substrate concentration, renal renin con-

tent, or PRC. Furthermore, castration of male rats did

not change these parameters. Finally, testosterone did

not alter the velocity of the renin-renin substrate reaction

in vitro (785). Subsequently, Katz et a!. (567) gauged the

effects of testosterone on the renin-angiotensin system in

conscious ovariectomized and orchidectomized rats. As

in the experiments of Nasjletti et a!. (785), testosterone

treatment for 21 days did not affect PRA, PRC, or renin

substrate production in ovariectomized female rats (567).

However, in orchidectomized male rats, testosterone in-

creased PRA by 83% and PRC by 52% without signifi-

cantly altering the plasma bevels of renin substrate. The

authors concluded that testosterone increased the rate of

renin release in young castrated male rats but not in

female rats. The mechanism by which this increase in

PRA occurs is unknown.

4. Estrogens. In 1952, diethylstilbestrol was shown to

elevate the concentration of angiotensinogen in rat

plasma (466). Later it was observed that PRA was in-

creased during the luteal phase of the human menstrual

cycle (146) and during human pregnancy (145). These

observations coupled with the fact that estrogens were

known to decrease the excretion of salt and water (213,

918, 1089) prompted Crane et a!. (241) to investigate the

effect of estrogens on the renin-angiotensin system in

normal female humans. After 3 weeks of treatment with

ethinyb estradiol, PRA was increased by 12-fold and 3-

fold in subjects on an unrestricted or bow sodium diet,

respectively. In a subsequent study, the same researchers

(238) found that 1 week of therapy with ethinyb estradiol

caused no change in PRA in normal volunteers on a

restricted or unrestricted sodium intake. However, in

agreement with their previous findings (241), 3 weeks of

treatment with this estrogen elevated PRA 5-fold and 2-

fold in both male and female humans on an ad libitum

and low sodium diet, respectively (238). Since ethinyl

estradiol increased PRA during either a normal or low

sodium diet, and since the sodium-retaining effects of

estrogens would be expected to suppress renin release, it

appeared that estrogens elevated PRA by another mech-

anism.

In 1967, Helmer and Judson (467) measured PRA and

plasma renin substrate levels during pregnancy and ther-

apy with estrogens. During pregnancy, PRA increased 6-

fold, and the concentration of angiotensinogen tripled. In

a similar fashion, treatment with estrogens increased the

amount of renin substrate in plasma by 4-fold, but PRA

did not increase above the normal range. Thus, the

increments in PRA observed during pregnancy and in

some estrogen-treated subjects may have been the result

of an increase in the plasma concentration of renin sub-

strate rather than an increase in the release of renin. In

later years, other researchers obtained similar findings in

humans (240, 821, 868) and experimental animals (726,

785, 983). For example, Oelkers et a!. (821) found that

ethinyl estradiol raised the plasma levels of renin sub-

strate more in women than in men but increased PRA

only in women. Pallas et ab. (868) noted that conjugated

estrogens increased plasma renin substrate levels and
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PRA without altering PRC. The batter report emphasized

that 1) PRA measurements were dependent on the con-

centration of renin substrate in the plasma, 2) estrogens

increased PRA by increasing the production of renin

substrate, and 3) the level of renin in blood was not

affected by estrogens since PRC did not change. Discon-

tinuation of therapy with conjugated estrogens or dieth-

ylstilbestrol bed to the following biochemical changes in

patients who had developed hypertension during ther-

apy: 1) total exchangeable sodium fell by 60 mEq; 2)

plasma renin substrate content decreased by 65% but was

still above the normal limits; and 3) PRA decreased by

20% to 25% on a normal or bow sodium diet (240).

In rats killed during anesthesia, the chronic adminis-

tration of stilbestrol caused a dose-related rise in the

concentration of renin substrate in the plasma (785).

Plasma renin activity was elevated slightly by stilbestrol

but PRC was suppressed by 90%. Based on these results,

Nasjbetti et a!. (785) concluded that estrogens stimulated

the production of angiotensinogen, which in turn led to

a rise in PRA. The increased genesis of All then led to

the inhibition of remn release via the “short-loop” nega-

tive feedback system. Menard et a!. (726) also found that

diethylstilbestrol increased plasma renin substrate levels

and decreased PRC. Similar results were obtained in

adrenalectomized rats even though adrenalectomy per se

decreased the plasma concentration of renin substrate.

Finally, Saruta et a!. (983) clearly demonstrated that the

administration of estrogen to conscious rats elevated

PRA by 2-fold, plasma renin substrate content by 3-fold,

and MAP by 17 mm Hg. Plasma renin concentration was

unchanged. However, if the rats were given saline along

with estrogen, plasma renin substrate bevels increased to

the same extent as seen with estrogen alone, but PRA,

PRC, and MAP were not affected.

5. Progestins. The effect of five progestins on the

renin-angiotensin system was studied by Oellcers et al.

(825). In normal male subjects, progesterone caused an

increase in sodium excretion during the first 2 days of

treatment. After 3 days, PRA was increased 2-fold in

both the supine and standing positions when compared

to pretreatment values, and plasma renin substrate levels

were unchanged. Megestrob acetate also increased PRA

without altering the plasma concentration of renin sub-

strate; however, unlike progesterone, this steroid did not

change sodium excretion. Neither dydrogesterone nor D-

norgestrol affected PRA or plasma renin substrate con-

tent even through D-norgestrob increased sodium excre-

tion. Norethisterone acetate increased PRA 2-fold in the

upright position but did not affect supine PRA values.

Plasma renin substrate levels were increased slightly by

this compound, an effect apparently due to its slight

estrogenic properties. Sodium excretion also was in-

creased. These findings with norethisterone acetate were

subsequently confirmed by the same group of investiga-

tors (824). The authors concluded that progesterone

stimulated renin release secondary to the induction of a

natriuresis and, unlike the estrogenic steroids, progester-

one did not alter the amount of renin substrate in the

plasma. In contrast, the fact that megestrob acetate stim-

ulated renin release in the absence of increased sodium

excretion suggested a direct effect of this steroid on renin

release. Finally, the increase in PRA seen with norethis-

terone acetate appeared to be the result of an increase in

the production of plasma renin substrate rather than an

increase in the release of renin per se.

In addition to dydrogesterone and D-norgestrol, other

progestins have been found to have no effect on renin

release (238, 563, 785, 844, 1031). Crane and Harris (238)

saw no change in PRA in normal subjects on an unre-

stricted or bow sodium diet after 1 and 3 weeks of treat-

ment with medroxyprogesterone acetate. Plasma renin

substrate bevels remained constant. A similar lack of

activity was reported with chbormadinone acetate (563)

and bynestrenol (1031).

In a comprehensive study, Oparil et a!. (844) examined

the effects of progesterone on renin release and renal

function in normal men. They found that the acute

administration of progesterone during the ingestion of a

low or high sodium diet increased RPF, sodium excretion,

and the percentage of ifitered sodium delivered distally

without altering GFR. In subjects on a bow sodium diet,

PRA was decreased by 25% and the plasma concentration

of renin substrate remained constant. Neither PRA or

plasma angiotensinogen content changed when proges-

terone was given to volunteers receiving a high salt diet.

Chronic treatment with progesterone did not elicit

changes in sodium excretion and renal function of the

same magnitude as those seen after a single dose of the

steroid. However, the chronic administration of proges-

terone increased PRA by 4-fold and 6-fold in subjects on

a bow and high sodium diet, respectively. Again, plasma

renin substrate bevels were unchanged. Thus, a single

dose of progesterone appeared to suppress renin release

by increasing the delivery of sodium to the macuba densa.

However, the increase in renin release after chronic treat-

ment with progesterone appeared to be secondary to the

increase in sodium excretion and the negative sodium

balance.

6. Oral contraceptives. Because oral contraceptives

consist of a combination of an estrogenic and a proges-

tatic steroid, their effects on the renin-angiotensin system

are the sum of the effects of these two types of steroids.

However, because most of the commonly used synthetic

progestins fail to alter the renin system (vide supra), the

effects of the oral contraceptives on PRA usually result

from an action of their estrogenic component. The effects

of the oral contraceptives on the rebease of renin has

been studied widely in normotensive and hypertensive

humans (68, 175, 203, 239-241, 467, 496, 563, 566, 570, 614,

632, 821, 984, 1022, 1031, 1198, 1200).

Laragh et a!. (632) reported a 2- to 9-fold increase in

plasma renin substrate levels with variable changes in

PRA in nine of the 10 hypertensive women taking a
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variety of different oral contraceptives. Several years

later, Skinner et a!. (1022) found a 2-fold increase in PRA

and plasma renin substrate concentration in conjunction

with a 50% suppression of PRC in women taking oral

contraceptives. This bed the authors to conclude that oral

contraceptives increased PRA by elevating the concen-

tration of renin substrate in the blood. The decrease in

PRC was thought to result from the suppression of renin

release by the increased circulating bevels of All. Fur-

thermore, they suggested that a f’ailure of the increase in

PRA and plasma All content to suppress renin release

might mediate or aggravate the hypertension occasion-

ally resulting from therapy with oral contraceptives.

These findings were subsequently confirmed by a number

of investigators (68, 175, 203, 984). Similar changes in

PRA and plasma angiotensinogen content during the

ingestion of oral contraceptives were observed in women

ingesting a bow, normal, or high sodium diet (1198).

Incidentally, a normal increase in PRA was seen when

patients on oral contraceptives assumed the upright po-

sition (1198).

Rena! blood flow and the response of the renal vascu-

bature to All were found to be reduced when women on

a high or bow salt diet took oral contraceptives over an

extended period of time (496). These alterations in renal

hemodynamics were accompanied by an increase in PRA

and a 3-fold rise in plasma renin substrate bevels. Hollen-

berg et a!. (496) suggested that oral contraceptives mod-

ifled the relationship between sodium balance and the

vascular responsiveness to All, and thereby contributed

to the sodium retention and hypertension occasionally

attendant to the chronic ingestion of oral contraceptives.

Thus, the effects of the oral contraceptives on PRA

appear to reflect the activity of the estrogenic component

of the steroid mixture. Oral contraceptives increase renin

substrate and PRA but suppress PRC.

In summary, both naturally occurring and synthetic

steroids have an effect on the renin-angiotensin system,

but the different classes of steroids elicit these changes

in PRA by different mechanisms. For instance, mineral-

ocorticoids, by virtue of their action on renal sodium

metabolism, appear to suppress renin release by expan-

sion of the ECF and plasma volumes. Aldosterone is one

of the major factors controlling renin release on a bong-

term basis. In contrast, gbucocorticoids have been found

to cause an increase, decrease, or no change in PRA. The

increase in PRA occasionally observed after glucocorti-

coids has been attributed to sodium depletion or an

increase in the plasma concentration of renin substrate

whereas the decrease in PRA was supposedly due to an

increase in ECF volume. Like mineralocorticoids, gluco-

corticoids do not seem to have any direct effects on renin

release, but the effects of glucocorticoids on renin release

are in need of systematic investigation. Androgens have

little effect on PRA or PRC, but, again, the effects of this

class of steroids on renin release has not been studied

widely. Estrogens increase PRA by elevating the concen-

tration of renin substrate in the plasma. However, PRC

often does not change or even decreases because the rise

in PRA increases the production of All, which in turn

directly inhibits renin release via the “short-loop” nega-

tive feedback system. This is one of the few cases in

which PRA and PRC do not change in concert after a

pharmacologic intervention. Progesterone appears to

stimulate renin release by causing sodium depletion, but

other progestins may elevate PRA by a direct effect on

the granular JG cells (megestrol) or increasing the he-

patic synthesis of renin substrate (norethisterone). Many

of the other synthetic progestins do not change PRA.

The increase in PRA elicited by oral contraceptives

reflects the effect of the estrogenic component of this

steroid mixture on plasma renin substrate levels.

I. Vasodilators

The peripheral vasodilating drugs are used widely in

the treatment of hypertension, and the increase in renin

release caused by these agents has proved to be of great

clinical significance since the resulting increase in the

blood bevels of All has been shown to antagonize the

antihypertensive effect of these drugs (892, 898, 899).

Hydralazine (37, 86, 122, 124, 180, 182, 185, 407, 509, 692,

701, 737, 809, 884, 887, 891-893, 909, 936, 1107, 1144,

1238), n.inoxidil (185, 407, 781, 837, 838, 891, 897, 899,

1145), diazoxide (41, 404, 408, 569, 620, 1045, 1049, 1065,

1228), sodium nitroprusside (8, 551, 553, 749), bupicomide

(1144), and nifedipine (26, 27) have been shown to in-

crease renin release in animals and humans and appear

to stimulate renin release by reflex activation of the

sympathetic nervous system.

1. Hydralazine. Hydralazine has been shown to in-

crease renin release in rats (86, 124, 180, 185, 737, 887,

891-893, 909, 936), rabbits (182), hypertensive dogs (37,

701, 1238), and normotensive (122, 1108) and hyperten-

sive humans (407, 509, 692, 809, 1107, 1108, 1144). Origi-

nally, hydra!azine was believed to elicit renin release only

under conditions in which RBF was reduced (509, 1166,

1238), as in dogs with coarctation of the thoracic aorta

and patients with renal artery stenosis (509). Based on

these reports (509, 1238) and the known ability of hy-

dra!azine to increase RBF without altering GFR (243,

772, 931, 1214), Voudoukis (1166) suggested that in cir-

cumstances in which renal perfusion pressure was below

normal, hydralazine altered renal hemodynamics such

that medullary blood flow rose whereas cortical blood

flow was reduced further. The relative cortical ischemia

then lead to an underdistention of the afferent arteriole,

triggering an increase in renin release. Later, Mannick et

a!. (692) published an anecdotal report supporting the

idea that hydralazine stimulated renin release only from

the affected kidney in patients with unilateral renovas-

cular hypertension. They claimed that hydralazine in-

creased renin release from both kidneys in patients with

essential hypertension, even if pyebonephritis was pres-

ent; however, no data were presented to support these
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contentions. These observers (692) also claimed that

hydralazine produced a fall in RBF distal to the renal

arterial lesion and thus induced renin release by exagger-

ating the physiologic defect produced by stenosis of the

renal artery. In the subsequent years, Norman et a!. (809)

found that dihydralazine produced a significant renin

response from the contralateral kidney in patients with

unilateral renovascubar hypertension even though renin

release from the affected kidney was stimulated to a

greater extent. Effective RPF was measured with radio-

active orthoiodohippurate in 10 of these patients and

decreased by 10% in the affected kidney but rose by 6%

in the contralateral kidney (891). In light of the fact that

hippurate extraction is decreased by hydralazine (243,

772), it is difficult to make any definite statement con-

cerning the effect of hydralazine on RBF in renovascular

hypertension. Ayers et a!. (37), who found that i.v. hy-

dralazine elevated PRA by 2- to 3-fold in conscious dogs

with established renal hypertension, also believed that

hydralazine-induced renal vasodilatation was the stimu-

bus to renin release.

In 1967, Bozovic and Castenfors (122, 124) first sug-

gested that hydralazine stimulated renin release via the

reflex activation of the renal sympathetic nerves. The

administration of hydralazine to anesthetized rats with

bilateral occlusion of the carotid arteries resulted in a

2.5-fold increase in PRA and potentiated the rise in PRA

caused by hemorrhage. The ganglionic blocker pentolin-

ium lowered basal PRA by 15% and significantly lessened

the increase in PRA elicited by hydralazine both before

and after hemorrhage. Exercise-induced renin release in

supine normotensive humans also was potentiated by a

single i.v. dose of dihydralazine, and this treatment main-

tamed PRA at seven times the control value during the

post-exercise period when renin release normally

dropped back to the pre-exercise level. Dihydralazine

lowered blood pressure, increased heat rate, and

lessened the decrease in RPF and the increase in filtra-

tion fraction that normally accompanied exercise. De-

spite its effects on renal hemodynamics, dihydralazine

was thought to elevate PRA by reflex activation of the

renal sympathetic nerves (122). In support of this theory

was the observation that the peripheral vasodilatation

caused by hydralazine increased the firing rate of the

peripheral sympathetic nerves (7, 163, 772, 931).

Soon thereafter, Ueda et a!. (1107, 1108) performed an

extensive study of hydralazine-induced renin release in

recumbent humans. Thirty mmutes after i.v. hydralazine,

PRA was increased by 3.5-fold in five of seven normoten-

sive humans and by 3-fold in 10 of 20 hypertensive

patients. The control PRA values were the same in both

groups. In seven patients with renovascular hyperten-

sion, basal PRA values were five times higher than the

normotensive and essential hypertensive patients and

PRA rose 5-fold after hydralazine. After 3 days of salt

restriction, PRA tripled in normotensive and essential

hypertensive subjects and doubled in the renal hyperten-

sive patients. Hydralazine then elicited an approximate

3-fold elevation of renin release in each patient in all

three groups. Plasma renin activity in patients with pri-

mary aldosteronism was undetectable both before and

after hydralazine.

In a later study, Ueda et a!. (1107) found that the i.v.

administration of hydralazine to 20 hypertensive patients

lowered MAP by 16%, increased heat rate by 16%, and

elevated renin secretion by 6.5-fold. Renal blood flow

rose by 34% as renal vascular resistance dropped by 37%,

but GFR was unchanged. Sodium excretion fell by 20%,

and medullary RBF increased. These changes in renal

hemodynamics and function after the administration of

hydralazine were similar to those previously reported by

other clinical investigators (243, 931, 1214). The increase

in renin secretion did not correlate with changes in MAP,

RBF, renal medullary blood flow, renal vascular resist-

ance, ifitration fraction, or sodium excretion, but a strong

correlation with the increase in heat rate was noted. In

order to test the hypothesis that hydralazine elicited

renin release via the sympathetic nervous system, hy-

dralazine was injected into the kidneys of three patients

followed by i.v. hydralazine some 10 min later. Intra-

renally administered hydralazine did not alter the renal

venous PRA of the injected kidneys but the subsequent

i.v. dose of hydralazine resulted in a significant rise in

renal venous PRA from both kidneys. In addition, hy-

dralazine failed to stimulate renin release in a patient

with a functioning renal allograft. Therefore, Ueda et a!.

(1107, 1108) proposed that the reflexly induced increase

in sympathetic tone precipitated by the vasodilatory

properties of hydralazine was the stimulus to renin

release.
When patients with hypertension were treated with

hydralazine, Vebasco and McNay (1144) found that a

good correlation existed between: 1) basal PRA and the

increase in PRA after hydralazine; 2) the increase in

PRA and the tachycardia after hydralazine; and 3) the

rise in PRA and the fall in blood pressure caused by

hydralazine. Therefore, they suggested that the stimula-

tion of renin release by this vasodilator was due both to

a fall in renal perfusion, as a result of the fall in MAP,
and to an increase in activity of the peripheral sympa-

thetic nerves.

The importance of the renal sympathetic nerves in

hydralazine-induced renin release became more apparent

when it was determined that beta-adrenergic antagonists

inhibited this renin release (737, 884, 891, 892, 909, 936).

In the first experiments of this type, Meyer et a!. (737)

discovered that pretreatment with propranobob blocked

85% of the 9-fold increase in renin release seen when a

large dose of hydralazine was given to anesthetized rats.

Blood pressure and heat rate were not measured in

these studies, and the inhibition by propranobol was

thought to be due to the blockade of renal beta-adrener-

gic receptors.

In a more comprehensive series of studies conducted
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with conscious and normotensive and hypertensive rats,

Pettinger and coworkers (891-893) found that hydrala-

zine elicited a dose-related elevation of SRA. The peak

increase (5-fold) in SRA after 1 mg/kg of hydralazine

occurred at 20 mm, and SRA remained elevated (2- to 3-

fold) for the next 5 hr. Pretreatment of normal rats with

0.3 and 1.5 mg/kg of propranobol, which resulted in serum

propranobol levels of 50 and 220 ng/ml, respectively,

inhibited this rise in SRA by 85% and 91%, respectively.

In concert with earlier investigators (122, 124, 737, 1107,

1108), Pettinger et al. (891) concluded that hydralazine-

induced hypotension reflexby activated the noradrenergic

nerves innervating the granular JG cells. These same

researchers also demonstrated that hydralazine caused a

4.5-fold rise in SRA in conscious SH rats, which was

blocked by 95% when the animals were pretreated with

propranobob (892, 893). When the ability of propranobob

to prevent the rise in SRA caused by hydralazine was

examined in greater detail, it was discovered that pre-

treatment with a higher dose of propranobol (15 mg/kg),

which gave plasma propranobol concentrations of 750 ng/

ml, resulted in less impairment of renin release than did

bower doses of propranobol (892). Furthermore, higher

doses of hydralazine were capable of overriding the in-

hibition of renin release by propranobol. In both normo-

tensive and hypertensive rats, propranolol potentiated

the hypotensive effects of hydralazine and blocked the

reflex tachycardia. For instance, in normotensive rats

hydralazine and propranobol lowered blood pressure by

21% and 5%, respectively, but the combination of these

two drugs lowered blood pressure by 39%. Thus, propran-

obob inhibited hydralazine-induced renin release even

though systemic blood was lowered to a greater extent

than with hydralazine alone. These observations in con-

scious animals again emphasize the importance of the

renal sympathetic nerves, rather than the afferent arter-

iolar baroreceptor, in the stimulation of renin release by

hydralazine.

Riley et a!. (936) compared hydralazine-induced renin

release and its modification by beta-adrenergic blockade

in conscious, SH, Sprague-Dawley, and Wistar-Kyoto

rats. The administration of a single oral dose of hydra!-

azine to SH rats was followed by a peak increase in PRA

at 30 mm after which PRA declined and stabilized at an

elevated bevel during the next 6 hr. Timobob prevented

60% of the renin release caused by this single dose of

hydralazine. Continued therapy of SH and Wistar-Kyoto

rats with hydralazine for 4 days resulted in a 3- to 4-fold

elevation of PRA that was inhibited 100% by co-treat-

ment with timobob. Timobol alone lowered PRA by 60%

to 75% in these animals. Although timobol had no effect

on basal PRA when given to Sprague-Dawley rats for 4

days, it prevented 70% of the 4-fold elevation in renin

release brought about by hydralazine. In addition, pro-

pranobol was more efficacious than timobol in mitigating

the renin-rebeasing effects of hydralazine in Sprague-

Dawbey rats. Therefore, although strain differences might

be noted in the beta-adrenergic antagonist-hydralazine

drug interaction, the same general pattern of inhibition

emerged in all three strains. The beta-adrenergic antag-

onist bupranobob also has been found to blunt dihydral-

azine-stimulated renin release in anesthetized, normoten-

sive rats (909). Bupranobob was found to be about twice

as potent as propranobol in this system. Lastly, a!prenobol

has been shown to prevent the increase in PRA caused

by hydralazine in hypertensive patients (884).

More recently, Campbell et a!. (180, 180a, 182) discov-

ered that inhibitors of prostaglandin synthesis prevented

the 10-fold increase in renin release elicited by hydrala-

zine in rats (180, 180a) and rabbits (182). Pretreatment

of conscious rats with indomethacin or mecbofenamate,

in doses that reduced the urinary excretion of PGE2 and

PGF2a by 89% and 74%, respectively, inhibited hydrala-

zine-induced renin release by 100% and 77%, respectively.

Since pretreatment with a combination of indomethacin

and propranobob did not inhibit hydralazine-induced

renin release to a greater extent than did either blocker

alone, the authors concluded that indomethacin and

propranobol inhibited hydralazine-induced renin release

by a common mechanism that involved the sympathetic

nervous system. These same investigators also found that

hydralazine caused a 2-fold increase in PRA, which was

accompanied by a 3-fold elevation of plasma norepineph-

rime concentration, in conscious rabbits (182). Indometh-

acin, in a dose that lowered renal venous PGE2 bevels by

56%, blocked hydralazine-ebicited renin release but not

the increment in plasma norepinephrmne concentration.

Indomethacin did not affect the fall in blood pressure

brought about by hydralazine, but the reflex increase in

heart rate was attenuated. Thus, in the rabbit and the

rat, renal prostaglandins appear to be involved in the

renin release that accompanies the reflex activation of

the renal sympathetic nerves by hydralazine.

Because both renal nerve stimulation (626, 1082a) and

an intrarena! arterial infusion of isoproterenob (302, 1157)

have been demonstrated to elicit a greater renin response

at a low renal perfusion pressure than at a normal renal

perfusion pressure, the fall in renal perfusion pressure,

which results from the decrease in systemic blood pres-

sure after hydralazine, may serve to potentiate the renin-

releasing effects of the reflex increase in noradrenergic

nerve activity at the granular JG cells. Such an interac-

tion between these mechanisms controlling renin release

also might explain the greater stimulation of renin release

from the affected kidney in patients with unilateral renal

artery stenosis after therapy with hydralazine. However,

since beta-adrenergic blockade inhibited hydralazine-in-

duced renin release (892) while potentiating hydralazine-

induced hypotension (386, 892, 1258), the amplifying

effects of the renal baroreceptor on vasodilatory drug-

induced renin release may be of importance only in

patients with unilateral renal atery stenosis.

2. Minoxidil. The newly released peripheral vasodila-

tor minoxidil has been reported to elevate PRA in con-
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scious rats (185, 891, 892) and hypertensive humans (407,

781, 837, 838, 897, 899, 1145) and, as with hydralazine,

this stimulation of renin release by mmoxidil has been

found to be blocked by propranobob (185, 781, 837, 838,

891, 899, 1145).
After the initial reports of mmoxidil-induced renin

release in patients (407, 897), Pettinger and colleagues

(185, 891, 892) demonstrated that minoxidil elicited a

dose-rebated elevation of SRA in normotensive rats. At

higher doses, mmoxidil was much more potent than

hydralazine in increasing renin release. The peak increase

in SRA occurred at 45 mm and renin release remained

stimulated over the next 5 hr. Pretreatment with 0.3 and

1.5 mg/kg of propranobob inhibited mmoxidib-induced

renin release by 78% and 89%, respectively. As with

hychalazine, the ability of propranobob to mitigate the

elevation of SRA caused by mmoxidil waned as the dose

of propranobob was increased, but, unlike hydralazine,

higher doses of mmoxidil did not override the inhibition

of renin release produced by propranobol. Concerning

hemodynarnic changes in normal rats, propranobob and

mmoxidil reduced blood pressure by 3% and 15%, respec-

tiveby, whereas propranobob decreased heat rate and

mmoxidil, when given alone, markedly increased heat

rate. Propranobob potentiated the hypotensive effect of

mmoxidil (a 24% decrement in blood pressure) and pre-

vented the associated tachycardia.

Campbell et a!. (185) discovered that the dose-related

increase in SRA brought about by treatment of normo-

tensive rats with mmoxidil was accompanied by a dose-

related elevation of serum aldosterone concentration,

and the stimulation of both endocrine systems by minox-

idil was prevented by propranobol. In order to prove that

minoxidil elicited an increase in mineralocorticoid pro-

duction via stimulation of the renin-angiotensin system,

animals were pretreated with saralasin, a receptor antag-

onist of All, prior to mmoxidil. Saralasin, even in large

doses, was not able to prevent the rise in serum aldoster-

one concentration, but this lack of effect was found to be

due to a huge increase in SRA after the combination of

saralasin and mmoxidil. Whereas minoxidil (1 mg/kg)

alone elevated SRA by 5-fold, the addition of saralasin

(1 mg/kg) resulted in 25-fold rise in SRA. In fact, sara-

basin caused a dose-related potentiation of minoxidil-in-

duced renin release with SRA reaching 1000 ng of ml per

hr at the highest dose of saralasin. Several factors may

account for the enhancement of renin release during

combined treatment with saralasin and mmoxidil. For

instance, Pettinger and Keeton (892) have shown that

saralasin potentiated the decrease in blood pressure, but

not the increase in heat rate, caused by minoxidil; there-

fore, the greater degree of hypotension may have resulted

in further activation of the renal baroreceptor. Activation

of the renal baroreceptor by itself would increase renin

release as well as amplify the effect of the renal nerves

on renin release. In addition, the feedback inhibition of

renin release by All has been found to be enhanced when

renin release is stimulated (572), and it is likely that

saralasin potentiated mmoxidil-induced renin release by

preventing the inhibitory action of All on renin release.

Minoxidil-induced renin release also has been studied

extensively in hypertensive patients (407, 781, 837, 838,

897, 899, 1145). Pettinger and Mitchell (897, 899) found

PRA to be elevated in severely hypertensive patients

during long-term therapy with mmondil. When propran-

obob was withdrawn from patients receiving propranobol

and minoxidil, both supine and upright PRA increased.

In another study of patients with malignant hyperten-

sion, it was noted that propranobol lowered supine and

upright PRA by 80%, and the addition of mmoxidil

resulted in a 2-fold rise in PRA (781). However, even

though mi�oxidil stimulated renin release in the presence

of propranobol, the supine and upright PRA values were

still 60% to 70% lower than the prednug bevels (781).

When O’Malley and co-workers (837, 838, 1145) used

mmoxidil to lower blood pressure in patients with essen-

tiab hypertension, PRA rose to six to seven times the

control values, and the addition of propranobol to the

drug regimen blocked 60% to 75% of the stimulatory

effect of mmoxidil. Minoxidil lowered MAP (-27%) and

total peripheral resistance (-45%) and raised heat rate

(+31%) and cardiac index (+47%). The addition of pro-

pranobob further lowered blood pressure, and heat rate

and cardiac index returned to the control bevels. Total

peripheral resistance rose after propranobob but remained

significantly bower (-25%) than the value observed dur-

ing the predrug period. Sodium excretion fell by 16%

after minoxidil alone and propranobob caused no further

change in renal function. Vebasco et a!. (1145) noted a

good correlation between plasma propranobol concentra-

tion and the lessening of minoxidil-induced tachycardia,

but no such relationship was apparent between plasma

propranobob content and the blockade of minoxidil-in-

duced renin release. However, at plasma propranobob

levels below 60 ng/ml, a good correlation existed between

the drug level and the suppression of renin release. A

positive relationship was found between the change in

PRA and the change in heat rate during therapy with

mmoxidil alone and between control PRA and PRA after

minoxidil. It was concluded that: 1) maximal blockade of

minoxidil-induced renin release occurred at much bower

plasma levels of propranobob than those necessary for

maximal suppression of mmoxidil- induced tachycardia;

2) control PRA was a major determinant of the magni-

tude of the change in PRA after treatment with minoxi-

dil; and 3) mmoxidil stimulated renin release by increas-

ing sympathetic tone, which was sensitive to propranobol,

and by decreasing renal perfusion pressure, which was

not sensitive to propranobob.

In a conflicting report, Werning (1204) reported that

minoxidil actually lowered PRA in 21 hypertensive pa-

tients, nine of whom were diagnosed as having renal

hypertension. He attributed the 20% fall in PRA to the

improvement of tubular sodium metabolism as a result
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of the renal vasodilatation. However, it is important to

point out that these patients also were being treated

simultaneously with propranobol and chborthalidone, and

the presence of the renin-suppressing drug propranobob

makes such an interpretation less plausible.

Even though the hypotensive effect of minoxidil was

not accompanied by a change in RPF or GFR (386),

sodium retention is a problem during continued therapy

with all peripheral vasodilatory drugs (795), including

mi�oxidil (836, 897). Zins (1273) has suggested that these

vasodilators increase sodium reabsorption in the proxi-

ma! tubule; however, since plasma (185) and urinary

(386) aldosterone bevels are elevated by mi�oxidil, the

antinatniuretic effect of this vasodilator may be mediated

by aldosterone. On the other hand, propranobob blocked

the rise in plasma (185) and urinary (386) aldosterone

concentration caused by mmoxidil, so the antinatriuretic

effect of vasodilatory drugs in the presence of propranobob

may result from a direct renal action. Whatever the

mechanism involved, the continued retention of sodium

and the attendant expansion of plasma volume during

continued therapy with mmoxidil (386) would be ex-

pected to act as a negative stimulus to renin release, and

yet PRA remains elevated (407, 781, 837, 838, 897, 899).

3. Diazoxide. Diazoxide is effective in causing a rapid

fall in blood pressure and is used in the treatment of

hypertensive crisis (713). Treatment with diazoxide has

been demonstrated to elevate PRA in rats (569), dogs

(408), and normotensive (404, 1228) and hypertensive

(41, 620, 1045, 1049, 1065) humans.

Kuchel et a!. (620) investigated the renin response to

i.v. diazoxide in a group of hypertensive patients. Diazox-

ide elicited a 5-fold increase in PRA when patients on a

normal sodium diet were in a recumbent position. Supine

blood pressure fell and heat rate increased. Whereas the

attainment of upright posture brought about a 2-fold rise

in PRA, orthostasis after diazoxide resulted in little ad-

ditiona! increment in renin release. Salt depletion raised

supine PRA values by 5-fold, and PRA increased another

56% when the patients stood up. The injection of diazox-

ide at this point caused an additional 3-fold increase in

PRA; therefore, sodium depletion potentiated the renin-

releasing effects of diazoxide. In some patients, diazoxide

lowered blood pressure and increased heat rate, but

renin release was not stimulated. A marked depression

of sodium excretion and an increase in plasma glucose

concentration were noted in both the renin responders

and nonresponders. It was concluded that diazoxide elic-

ited renin release via activation of the sympathetic nerv-

ous system, and this conclusion was supported by the

previous observation that diazoxide increased the circu-

bating level of catechobamines in rats (1262). In addition,

since some of the patients who did not exhibit a renin

response to diazoxide and bow basal PRA values and

normal aldosterone secretion rates, and since these pa-

tients developed less tachycardia and more prolonged

hypotension after the drug, these patients were believed

to have suffered a boss of normal sympathetic responses

(620).

Consistent with the belief that diazoxide stimulated

renin release via the sympathetic nervous system (620),

Winer et a!. (1228) found that propranobol prevented

diazoxide-induced renin release in normal humans.

Plasma renin activity increased within 30 min of injecting

diazoxide, and, as in other studies (41, 620), the peak

renin response occurred at 2 hr (1228). Propranobob pre-

vented both the renin release and tachycardia, but not

the hypotension, caused by diazoxide. The alpha-ache-

nergic antagonist phentolamine also was reported to

inhibit diazoxide-induced renin release even though this

drug potentiated the tachycardia seen after diazoxide.

These authors suggested that treatment with diazoxide

elicited renin release by enhancing renal nerve activity.

In addition, they felt that either both alpha- and beta-

adrenergic receptors mediated renin release or these

blockers acted at a site distal to these receptor sites.

However, considering what is now known about the

neural regulation of renin release (vide supra), it is diffi-

cult to envisage a mechanism by which phentobamine

might block sympathetically mediated renin release.

When Baer et al. (41) gave an i.v. bolus of diazoxide to

patients with essential hypertension, PRA was doubled

some 2 to 3 hr later and sodium excretion declined. The

change in renin release was not related to changes in

plasma volume or ECF volume, but rather was attributed

to the decrease in sodium excretion. As in previous

studies (620), some patients showed no increase in renin

release after diazoxide even though blood pressure fell

(41). Swales and Thurston (1065) found that treatment

of severely hypertensive subjects with orally adminis-

tered diazoxide for 1 week resulted in an elevation of

both PRA and plasma All concentration.

Like hychalazine, diazoxide has been used to accen-

tuate the ratio of renal venous PRA values in patients

with renovascular hypertension (1045, 1049). In the most

complete study of this type, Stokes et a!. (1049) discov-

ered that i.v. diazoxide elicited a rapid increase in renal

venous PRA from both the affected and contralatera!

kidney in humans with unilateral renal atery stenosis.

However, the response of the affected kidney (a 4.6-fold

increase) was significantly greater than that of the unaf-

fected kidney (a 2-fold increase). Patients with bilateral

renal atery stenosis exhibited a 3-fold increase in renin

release from the kidney with the greatest impairment of
blood flow, and, rather surprisingly, the contralateral

kidney, although also suffering from ischemia, showed no

response. An equal increase in renal venous PRA oc-

curred from both kidneys in subjects with bilateral renal

parenchymal disease. Considering the patients collec-

tively, no relationship was noted between the hypoten-

sive effect of diazoxide and its ability to elevate renin

release.

Unlike the other peripheral vasodilatory drugs, the

effect of diazoxide on renin release in animals has not
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been studied extensively. Graham et a!. (408) found that

diazoxide elicited a 3-fold rise in PRA in anesthetized

dogs as blood pressure dropped by 24%. However, it

should be pointed out that these animals had been

treated with prazosin [which lowered MAP (-27%) and

PRA (-18%)] 1 hr before the administration of diazoxide.

Kaul and Grewal (569) determined that a large dose of

diazoxide brought about a 11-fold increase in PRA in

anesthetized rats, and this stimubatory effect was reduced

by one-half by prior adrenal demedullation or treatment

with oxprenobob. Although a single dose of guanethidine

and multiple doses of reserpine and 6-hydroxydopamine

had essentially no effect on basal renin release, each of

these treatments blocked the renin response to diazoxide

by approximately 50%. These data further support the

bebiefthat diazoxide-stimulated renin release results from

activation of the sympathetic nervous system in response

to a decrease in blood pressure.

On the other hand, Vandongen and Greenwood (1130)

detected an increase in renin release when diazoxide was

injected into the isolated, perfused rat kidney, but this

drug was a comparatively weak stimulus when compared

to isoproterenol . Since the decrease in renal perfusion

pressure, which occurred with time, was similar in control

and diazoxide-treated kidneys, it was believed that dia-

zoxide had a direct action on the granular JG cells that

might involve a competition for calcium binding sites.

4. Sodium nitroprusside. Like diazoxide, sodium nitro-

prusaide rapidly bowers blood pressure and has been used

in hypertensive emergency (1104). Since the hypotensive

effect of sodium nitroprusside is short-lived, this drug

must be given by continuous i.v. infusion in order to

bower blood pressure to an acceptable level. In a recent

collaborative study, no significant increase in heat rate

was observed during sodium nitroprusside-induced hy-

potensive (1104), but some clinicians (285, 552, 553) found

that the drug produced a tachycardia. Because a stan-

dardized preparation of sodium nitroprusside has become

available only recently, the number of studies concerning

the effects of sodium nitroprusside on renin release is

small. However, sodium nitroprusside has been shown to

increase PRA in conscious (8, 749) and anesthetized (749)

rats and in normotensive (553) and hypertensive (552)

humans.

As early as 1967 Kaneko et a!. (553) discovered that

renin secretion increased 6.3-fold in supine, normotensive

humans after lowering MAP from 93 to 68 mm Hg with

sodium nitroprusside. Mean heat rate rose from 75 to 96

beats/ruin, and effective RPF was reduced by 23%. So-

dium nitroprusside elicited an equal increase in renin

release from both kidneys, and renal venous PRA values

returned to normal within 15 to 30 mm after the infusion

of drug was halted. No change in renin secretion occurred

at a MAP above 75 mm Hg. A positive relationship

between the decrement in blood pressure and the incre-

ment in renal venous PRA was found. Sodium nitroprus-

side, in doses that elicited vasodepression and tachycar-

dia, stimulated renin release at an MAP of 90 mm Hg in

patients with renovascular hypertension. The rise in

renal venous PRA was significantly greater from the

affected kidney as compared to the contralateral kidney.

In a subsequent study, the same investigators (552)

found that the threshold MAP necessary for the stimu-

bation of renin release in patients with essential hyper-

tension was higher than that observed in normotensive

humans, but bower than that determined in patients with

renovascular hypertension. When the MAP of these su-

pine patients with essential hypertension was lowered

from 122 to 88 mm Hg, renin secretion increased 5-fold,

and RPF fell and heat rate increased. The increase in

renal venous PRA was reciprocally related to the fall in
RPF. Some of the patients exhibited no stimulation of

renin secretion despite an equal decrease in blood pres-

sure and sodium excretion and an equal increase in heat

rate as compared to the renin responders. However, the

nonresponders showed no change in RPF and a slight

decrease in renal vascular resistance. In addition, the

basal rates of renin secretion in the nonresponders was

only 15% of that measured in those patients who showed

a renin response. The difference in renin responsiveness

in these two groups of patients was not related to the

severity of the hypertension. The authors felt that the

fall in RPF and rise in renin secretion and renal vascular

resistance in the responders was a manifestation of an

increase in renal sympathetic nerve activity reflexly in-

duced by the vasodepressor effect of sodium nitroprus-

side. This activation apparently did not occur in the

nonresponding subjects. At first glance this conclusion

might seem paradoxical since treatment with sodium

nitroprusside precipitated an equal increase in heart rate

in both groups, but tachycardia is a relatively poor index

of changes in adrenergic nerve activity in supine humans

since the reflexby-induced tachycardia is predominantly

due to the withdrawal of parasympathetic tone (941).

However, sodium mtroprusside-induced hypotension

does appear to elevate peripheral adrenergic neurotrans-

mission since Dollery et a!. (285) found plasma norepi-

nephrmne concentration to be doubled by this drug.

Miller et a!. (749) found that hypotensive doses of

sodium nitroprusside raised PRA by 4- and 8-fold in

conscious and anesthetized rats, respectively. Similarly,

Abukhres et a!. (8) observed that sodium mtroprusside,

in a dose that lowered MAP by 27% and increased heat

rate by 32%, caused a 5-fold increase in PRA in conscious

rats.

The ability of sodium mtroprusside to release renin by

a strictly intrarenal action appears unlikely. The infusion

of sodium nitroprusside into the isolated rat kidney,

which was perfused with an electrolyte solution contain-

ing protein and washed bovine red blood cells, resulted

in a 2-fold increase in renin release that developed slowly

(490). By way of contrast, an infusion of isoproterenol, in
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a dose that elicited changes in RPF, GFR, and sodium

excretion similar to those observed with sodium nitro-

prusside, caused a rapid 6-fold elevation of renin release.

Thus, sodium nitroprusside appears to stimulate renin

release via reflex activation of the renal sympathetic

nerves (8,552), with a possible minor contribution via the

renal baroreceptor (490). However, additional pharma-

cobogic studies of sodium nitroprusside-induced renin

release need to be performed.

5. Other vasodilators. Bupicomide, a compound with

systemic hemodynamic effects similar to those of hy-

dralazine (1143), has been shown to elevate PRA in

hypertensive patients (1144). This stimulation of renin

release was thought to occur as a result of an increase in

sympathetic nerve activity and a decrease in renal per-

fusion pressure (1144).

Aoki et a!. (27) found that the coronary vasodibator

nifedipine, which is a calcium antagonist, lowered dia-

stolic blood pressure by 26% when given sublingually to

hypertensive patients. Heat rate increased and PRA

doubled. The renin responses of two patients with malig-

nant hypertension and one patient with renovascubar

hypertension did not differ from the patients with essen-

tia! hypertension, but two patients with primary aldos-

teronism failed to exhibit a rise in PRA. In the batter

case, a marked fall in blood pressure was not accompa-

nied by an increase in heat rate. Later, propranobol was

shown to prevent the increase in PRA and heat rate

caused by nifedipine (26). On the other hand, the inha-

bation of amyl nitrite by recumbent, normal humans

lowered blood pressure and raised heat rate, but no

perceptible change in PRA was observed (504). However,

after PRA had been elevated by treatment with phen-

tolamine, amyl nitrite caused a further increase in PRA

(504). Since the various coronary vasodilators, when

given systemically to anesthetized dogs, had differing

effects on RBF, with some compounds causing a vasodi-

latation and others causing a dose-rebated vasoconstric-

tion (827), it would be interesting to know if their effects

on RBF could be related to their ability or inability to

alter renin release.

The effects of substance P, a naturally occurring un-

decapeptide with hypotensive and vasodilator properties,

on renin release has been studied in anesthetized dogs.

Gullner et a!. (419) found that an i.v. infusion of 5 ng/kg/

mm, which increased the plasma concentration of sub-

stance P from 140 to 152 ng/ml, suppressed renin secre-

tion by 75%. When the dose was increased to 50 ng/kg/

min, renin secretion rose to 3.6 times the control bevel.

The small i.v. dose of substance P lowered MAP by 11%,

without affecting RBF, GFR, or electrolyte excretion.

When the same small dose of substance P was infused

directly into the renal artery, renin secretion fell by 82%

and MAP decreased by 7%. Gbomerular filtration rate

was unchanged, but urinary volume, sodium and potas-

sium excretion, and RBF were increased markedly. At an

intrarenal dose of 50 ng/kg/min, renin secretion rose 5-

fold, as compared to the control values, and blood pres-

sure was lowered by 16%. At this point, RBF remained

elevated, GFR fell to below control values, urinary vol-

ume returned to the control level, and sodium and potas-

sium excretion remained elevated. Thus, substance P

suppressed renin release in both the presence and ab-

sence of diuresis, natniuresis, and renal and systemic

vasodilatation.

The suppression of renin secretion by small doses of

substance P was thought to be the result of activation of

the renal baroreceptor, by afferent ateriolar vasodilata-

tion, and/or increasing the sodium load at the macula

densa. However, since a very small i.v. dose of substance

P (0.5 ng/kg/min) suppressed renin secretion as much as

did 5 ng/kg/min, but did not alter systemic or renal

hemodynamics or renal function, it was suggested that

substance P might have a direct inhibitory action on the

granular JG cells. The renin release caused by the i.v.

and intrarenal infusion of the highest dose of substance

P was thought to be due to the reflex activation of the

renal sympathetic nerves (419).

In summary, the peripheral vasodilating drugs elicit

renin release in animals and humans, and, for the most

pat, this stimulation appears to be due to a reflexly

induced increase in renal sympathetic nerve activity.

When challenged with these drugs, patients with unilat-

era! renovascular hypertension exhibit an exaggerated

release of renin from the affected kidney, and the renal

baroreceptor may play a larger robe in the stimulation of

renin release in this situation. The increment in the

plasma concentration of All that results from vasodila-

tatory drug-induced renin release limits the hypotension

caused by these agents, and the blockade of this drug-

elicited renin release potentiates the hypotensive effect

of the vasodilators. Drugs that interfere with beta-ache-

nergic neurotransmission, such as propranobol, inhibit

the renin release caused by the systemic vasodilators.

The relationship between the direct and indirect effects

of these vasodilators of renal function and their ability to

elevate renin release is not known. The ability of coro-

nary vasodilators to elicit renin release remains essen-

tially untested.

J. Other Hormones

1. Adrenocorticotrophic hormone (ACTH). Haynes et

al. (458) originally reported a transitory increase in PRA

after the administration of ACTH to anesthetized dogs.

Later studies in rats demonstrated that the administra-

tion of ACTH increased the granular JG cell index (697).

This effect was observed in intact, adrenalectomized

and hypophysectomized-adrenalectomized rats. Early at-

tempts to alter renin secretion in humans with a single

dose of ACTH proved fruitless (791), but the hormone

was able to induce an increase in PRA in patients with

hypopituitarism (457).
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Working with conscious rats, Hauger-Klevene et a!.

(456) provided the first clear-cut evidence of ACTH-

induced renin release. ACTH resulted in a 4-fold ebeva-

tion of PRA at 30 mm, and this increase had dissipated

by one hour after the injection. Tachyphylaxis developed

quickly to ACTH, and this tachyphybaxis was related to

a progressive increase in the plasma bevels of corticoster-

one. In fact, exogenousby supplied cortisob prevented

ACTH-induced renin release, and adrenalectomy or the

inhibition of steroid synthesis with aminoglutethimide

increased both the magnitude and duration of the renin

response to ACTH. Other investigators (125) also have

found that ACTH caused a short-lived stimulation of

renin release in adrenalectomized rats. The rate of renin

release in vitro from renal cortical slices obtained from

rats pretreated with ACTH also was increased (125). Due

to the short periods of time involved in vivo and ACTH

stimulation ofremn release in vitro, the sodium retention

and volume expansion normally caused by a rise in the

plasma levels of gbucocorticoids could not have been the

cause of the tachyphylaxis. These data provided a good

explanation for the back of a renin response to ACTH in

normal humans as opposed to those patients with hypo-

pituitanism.

In later work, Hauger-Kbevene (452) demonstrated

that ACTH possibly increased renin release by activation

of an adenylate cyclase system. ACTH-stimulated renin

release again was blocked by the glucocorticoid dexa-

methasone but also was potentiated by a dose of theo-

phyffine that had no affect on PRA by itsebL The inhi-

bition of ACTH-induced renin release by dexamethasone

was blocked by actinomycin D. Actinomycin D did not

prevent the elevation of PRA caused by ACTH. Gangli-

onic blockade with pentolinium markedly attenuated the

rise in PRA caused by ACTH in conscious rats, but the

mechanism involved is unknown (455). The addition of

dexamethasone to pentolinium completely abolished the

elevation of PRA elicited by ACTH. It was concluded

that ACTH, like glucagon and the catecholamines, stim-

ulated an adenybate cyclase system in the granular JG

cells to increase renin release but that dexamethasone

inhibited the renin response to ACTH by a mechanism

that involved DNA-dependent RNA synthesis (452). In-

cidentally, growth hormone, oxytocin, and thyroid stim-

ulating hormone had no effect on PRA in conscious rats,

but alpha-melanocyte stimulating hormone, which con-

tains pat of the structure of ACTH, mimicked the effect

of ACTH on renin release (452).

Ganong (372) noted a decrease in PRA in dogs during

three days of treatment with ACTH even though a

decline in plasma potassium occurred. However, the de-

crease in PRA was attributed to the stimulation of a!-

dosterone release from the adrenal cortex and thus sec-

ondary to the salt- and water-retaining properties of the

steroid.

In more recent clinical studies, the infusion of ACTH

into patients pretreated with dexamethasone, to suppress

the endogenous levels ofACTH, did not alter PRA unless

the patients were on a sodium-deficient diet (577). The

extremely brief increase in PRA in response to ACTH

previously reported in normal, supine humans (125) was

not confirmed (577). In like fashion, ACTH did not affect

PRA, although it did increase the production of aldoster-

one, in patients with congestive heat failure (794).

ACTH also may cause an apparent elevation of PRA,

but not PRC, by increasing the concentration of plasma

renin substrate. Haynes et a!. (458) reported that ACTH

increased the plasma bevels of renin substrate in normal

dogs, and this effect was abolished by adrenalectomy.

The same results with ACTH were obtained in the rat

(465), and hypophysectomy led to a 50% reduction in the

concentration of renin substrate in the plasma (398, 465).

The effect of hypophysectomy on the plasma content of

renin substrate was reversed by the administration of

ACTH (465).
The measurement of PRA in chronically hypophysec-

tomized rats has produced confusing and conflicting re-

sults. Hypophysectomy alone has been reported both to

decrease (697) and to increase (295, 946) the granular JG

cell index. Despite an increase in the density of the

granules in JG cells and an elevation of renal renin

content, PRA was not increased in rats 2 months after

hypophysectomy (946). Other researchers had previously

reported that hypophysectomy alone caused no signifi-

cant change in PRA (398) and did not prevent the in-

crease in PRA induced by a sodium-deficient diet (398,

867) or renal aterial hypotension (855). The admirnstra-

tion of ACTH to anesthetized, hypophysectomized rats

on a low or normal sodium diet was reported to cause no

increase in PRA (867), and similar results were obtained

in conscious dogs (323). No reports have been forthcom-

ing during recent years to reconcile and clarify these

previous findings.

2. Growth hormone. Growth hormone (GH), a poly-

peptide originating from the anterior pituitary, elicits

growth in all tissues of the body, including the kidney. In

fact, radiobabeled growth hormone has been found to

localize in the kidney after its administration to young

hypophysectomized rats (704).

Despite the fact that a short-term infusion of GH

caused a slight increase in PRA in anesthetized, chroni-

cally hypophysectomized rats (468), the treatment of

chronically hypophysectomized rats, on a normal or low

salt diet, with GH for a week did not alter PRA (867).

GH also had no effect on PRA in hypophysectomized

dogs (374). When rat renal cortical slices were studied in

vitro, GH slightly suppressed renin release and the renin

content of the slices (453).

Highly purified human GH, which was free of antidi-

uretic hormone, increased the plasma bevels of free fatty

acids, indicating the potency of its biologic activity, but

had no effect on PRA in normal humans (309). In like
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fashion, the continued administration of GH to patients

with isolated GH deficiency did not affect the renin

response to furosemide (228).

Vanable changes in PRA have been reported in pa-

tients with acromegaly, a disease associated with elevated

bevels of GH in the blood. In normotensive patients with

acromegaly, basal PRA and the renin response to or-

thostasis or sodium depletion appeared to be normal

(174, 1056). However, basal PRA and its response to

upright posture were suppressed in hypertensive acro-

megalic patients (174, 454, 1056). After a reduction in

plasma volume by furosemide-induced diruesis, the nor-

ma! renin response to the attainment of upright posture

was restored in the batter group. Therefore, the original

back of response was believed to be due to an expansion

of the ECF volume (174, 1056) possibily due to an ele-

vation of aldosterone.

GH originally was believed to exert an antinatriuretic

effect in animals (674) and humans (470), and such an

action was felt to be responsible for the elevation of

plasma volume observed in patients with acromegaly

(174, 1056). However, carefully controlled studies with

highly purified GH revealed that this hormone had no

effect on sodium excretion or urinary volume in normal

rats and humans (374, 921). In addition, the depression

of renal function seen by earlier investigators appeared

to be the result of the preparations of GH being contam-

mated with antidiuretic hormone and/or prolactin (374).

Thus, the increase in plasma volume, and subsequent

suppression of PRA in hypertensive, acromegalic pa-

tients cannot be attributed to an effect of GH on renal

function. In short, GH appears to play little pat in the

control of renin release.

3. Somatostatin. Somatostatin, a tetradecapeptide

formed in many areas of the brain, inhibits the secretion

of many polypeptides including GH, insulin, glucagon,

gastrin, thyroid stimulating hormone, and ACTH (418).

The i.v. infusion of somatostatin has been shown to

inhibit furosemide-induced renin release in normal hu-

mans even though basal PRA, blood pressure, and heat

rate were not affected (394, 959). In later studies, the

increase in renin release, heat rate, and blood pressure

elicited by the administration of orciprenaline to normal

subjects was attenuated by somatostatin (956). The in-

hibition of beta-adrenergic receptor-mediated renin

release and tachycardia led to the suggestion that this

peptide was capable of blocking beta-adrenergic recep-

tons (956).

Rosenthal et a!. (960) extended these studies when

they monitored PRA and hemodynamic parameters dur-

ing the administration ofsomatostatin and/or furosemide

to patients with low-, normal-, and high-renin hyperten-

sion. Somatostatin lowered basal PRA, without affecting

the cardiovascular measurements, in high- and normal-

renin hypertension but had no effect on renin release in

bow-renin hypertension or normal subjects. The renin-

releasing effects of furosemide were significantly atten-

uated by somatostatin in all individuals, except the bow-

renin hypertensive patients, which did not exhibit a renin

response to furosemide. Furosemide alone had no effect

on blood pressure, but the combination of furosemide

and somatostatin significantly lowered MAP, by decreas-

ing cardiac index and stroke index, in normal- and high-

renin hypertension. As before, it was suggested that

somatostatin altered renin release by interfering with the

function of beta-adrenergic receptors.

Somatostatin was found to lower blood pressure and

triple PRA values in anesthetized, normotensive rats

(991). Despite these findings (394, 956, 959, 960, 991), the

importance of somatostatin in the control of renin release

in normal and diseased states is unknown.

4. Glucagon. Glucagon, a polypeptide with anti-insu-

In-like effects, has been shown to stimulate renin release

in the isolated perfused rat kidney (1135, 1136), anesthe-

tized dogs (1112), and some normal humans (329). In the

isolated perfused rat kidney, the elevation ofrenin release

brought about by glucagon was inhibited by the simul-

taneous administration of All or AIlI (1136) but was not

affected by saralasin (1136) or propranobol (1135).

In anesthetized dogs, Olsen (833) found that the i.v.

infusion of gbucagon elevated heat rate, RBF, urinary

flow, the urinary excretion of cyclic AMP and PGE2 but

did not have a consistent effect on PRA. Pretreatment

with indomethacin attenuated the natriuresis caused by

glucagon, but the increases in RBF, heat rate, cardiac

output, and urinary cyclic AMP were not affected.

Plasma renin activity decreased when gbucagon was given

in the presence of indomethacin. However, when Ueda

et a!. (1112) infused glucagon directly into the renal

arteries of anesthetized dogs, renin secretion increased

11-fold in association with a rise in heat rate, RBF,

GFR, and urinary flow. The prior infusion of theophylline

caused renin secretion to double and potentiated the

stimulation of renin secretion by gbucagon even though

the renal hemodynamic and hydrodynamic actions of

glucagon were not changed. Beta-adrenergic receptor

blockade with propranobob did not suppress the renin

secretion induced by the combination of theophyffine

and glucagon.

It is well known that gbucagon exerts its lipobytic,

glycogenobytic, and cardiac effects by increasing the pro-

duction of cyclic AMP in the target tissues (1028). In

addition, an adenylate cyclase system specific for gluca-

gon has been shown to exist in the renal medulla (778),

and the effects of gbucagon on renal function are similar

to those of dibutyryl cyclic AMP (1113). Based on these

facts and the effects of propranobol and theophylline on

glucagon-stimulated renin release, Ueda et a!. (1112)

concluded that glucagon elicited renin secretion by in-

creasing the concentration of cyclic AMP in the granular

JG cells. This is probably the case since afferent ater-

iolar vasodilatation without a change in renal perfusion

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


200 KEETON AND CAMPBELL

pressure and the natriuretic effect of gbucagon (1113)

constitute negative stimuli to renin release. Prostagban-

dins also may be involved in glucagon-induced renin

release since Olsen (833) found that glucagon actually

lowered PRA in the presence of indomethacin.

5. Parathyroid hormone. Originally, the renin release

caused by the injection of parathyroid extract into anes-

thetized dogs was believed to be due to the presence of

a vasoactive impurity (710). A purer preparation of para-

thyroid hormone (PTH) elevated PRA in only two of

four animals. Similarly, the bobus injection of PTH into

normal humans did not alter PRA (310). However, when

the synthetic amino-terminal 34 amino acid peptide of

bovine (PTH 1-34) was infused into anesthetized saline-

loaded dogs, a dose-related increase in PRA was observed

(917). Blood pressure did not change during these exper-

iments. It should be pointed out that the PTH (1-34)

fragment has the same physiologic effects on calcium and

phosphorous metabolism and cyclic AMP production as

does PTH (914).

Smith et a!. (1027) recently published a comprehensive

study demonstrating that an i.v. infusion of PTH (1-34)
increased PRA by 60% in anesthetized dogs. The urinary

excretion of sodium and phosphate also increased, but

blood pressure did not change. The stimulation of the

release of endogenous PTH, induced by localized hypo-

calcemia in the parathyroid glands, also elicited renin

release. As before, sodium and phosphate excretion rose

and �he magnitude of the natriuresis appeared to modu-

late PTH-induced renin release. That is, the well-docu-

mented natriuretic effect of PTH (10), which results from

a decrease in the reabsorption of sodium in the proximal

tubule, increased the sodium load at the macula densa,
which attenuated the renin-releasing effects of PTH.

Thyrocalcitonin had no effect on PRA. Smith et a!.

(1027) felt it unlikely that PTH affected renin release via

the renal baroreceptor or macula densa, but the exact

mechanism of action of PTH was not determined. Lind-

ner et a!. (662) noted that a single injection of PTH or

PTH (1-34) elevated PRA and RBF in conscious dogs

without affecting blood pressure.

Lastly, the removal of adenomas of the parathyroid

gland from hyperparathyroid patients with hypertension

and hyperreninemia has been observed to return PRA

values to normal (139). It is unlikely that the hypercal-

cemia usually found in patients with hyperparathy-

roidism contributes to the elevation of PRA, since cal-

cium tends to suppress renin release, but the increased

circulating bevels of PTH may contribute to the rise in

PRA. The importance of PTH in modulating renin

release needs to be clarified.

6. Insulin. The hypoglycemia produced by insulin has

been found to bead to an increase in PRA in anesthetized

dogs (29, 856), conscious rats (187), and normotensive

(461, 670) and hypertensive (461, 671) humans. Several

lines of evidence indicate that this increase in renin

release is the result of stimulation of intrarenal beta-

adrenergic receptors by neuronally released or circulating

catechobamines. In anesthetized dogs, insulin evoked a 3-

to 5-fold increase in the plasma concentration of epi-

nephrmne whereas plasma norepinephrmne did not change.

This in turn bed to a 2- to 3-fold elevation of PRA (856).

Unilateral adrenalectomy and denervation of the remain-

ing adrenal gland reduced the renin response to hypogly-

cemia, whereas renal denervation was without effect. In

addition, insulin-induced renin release was blocked by

propranobob and potentiated by phentolamine (29). Hede-

land et a!. (461) found a good correlation between the

increase in PRA and the increase in the urinary excretion

of catechobamines during insulin-induced hypoglycemia

in normotensive and hypertensive patients. Pretreatment

with cbonidine prevented the elevation of PRA and un-

nary norepinephrmne content caused by insulin. A signifi-

cant elevation of the urinary concentration of epineph-

nine still occurred. Because insulin elicited renin release

in adrenalectomized humans, Lowder et a!. (670) con-

cluded that reflex stimulation of the peripheral sympa-

thetic nerves was responsible for the increase in PRA. In

normal- and bow-renin hypertensive patients, insulin in-

duced the same degree of hypoglycemia and the same

increase in the plasma levels of cyclic AMP and cortisol,

but only the patients with normal PRA values exhibited

an elevation of renin release after insulin (671). The

increase in plasma epinephrine concentration observed

after the administration of 2-deoxyglucose to normal

humans also was associated with a rise in PRA and heat

rate (904).

More recently, Campbell and Zimmer (187) discovered

that prostaglandins appeared to be involved in insulin-

induced renin release in conscious rats. After a dose of

insulin sufficient to lower plasma glucose bevels by 50%,

plasma epinephrine and norepinephrine increased by 9.6-

and 1.6-fold, respectively. Plasma renin activity tripled

and the urinary excretion of PGE2 and PGF2a doubled.

Indomethacin inhibited insulin-induced renin release by

67% and blocked the insulin-induced increments in un-

nary PGE2 and PGF2a. The changes in the concentrations

of plasma catechobamines, potassium, and glucose seen

after insulin were unaltered by indomethacin.

K. Miscellaneous Drugs

Apomorphine, a dopaminergic agonist, caused a 4-fold

elevation of renin secretion when given into the renal

ateries of anesthetized dogs, and this effect was blocked

by pretreatment with the dopaminergic antagonist halo-

peridob (515). Renal blood flow, sodium excretion, and

urinary flow were not changed by apomorphine. On the

other hand, pimozide, another agent that blocks dopa-

minergic receptors in the brain, did not attenuate the

increase in renin secretion or RBF caused by an intra-

renal infusion of dopamine. The results were taken to

indicate that renal dopaminergic receptors are different
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from the dopamine receptors in the brain. Ergometrine,

an alkaloid of ergot, has been used as an oxytocic to

control postpatum hemorrhage, but the compound is

also a specific antagonist of dopamine in the canine

kidney (72). Although ergometrine was shown to increase

PRA in conscious rabbits (655), this compound blocked

the rise in circulating All bevels caused by hemorrhage,

renal ischemia, and intrarenally infused dopamine in

anesthetized dogs. The elevation of All concentration in

the blood stream after furosemide was not affected. Even

though PRA was not measured in these experiments,

these data were taken to mean that dopaminergic nerves

in the kidney (71) were important mediators of the renin

release caused by hemorrhage and a decreased renal

perfusion pressure (72).

The long-acting dopamine agonist bromocriptine sup-

pressed plasma prolactin concentrations to undetectable

bevels but did not change PRA or plasma aldosterone in

normal subjects (190a). Similar results were obtained by

Semple and Mason (1002a) in five normal subjects. Along

the same lines, metoclopramide, a dopamine receptor

antagonist, increased plasma probactin and aldosterone

levels by 5- and 3-fold, respectively, but did not change

PRA (190a). Neither bromocriptine nor metocbopramide

altered the ability of exogenous All to suppress PRA. In

a subsequent study, Noth et a!. (810a) also noted that i.v.

metocbopramide increased plasma probactin bevels by 10-

fold and plasma aldosterone bevels by 2-fold. Plasma

renin activity was unchanged. Orally administered me-

tocbopramide increased plasma aldosterone concentra-

tions in two of five subjects, increased plasma prolactin

levels by 12-fold, but did not alter PRA.

The antihypergbycemic drugs phenformin and chior-

propamide suppressed PRA by 60% in rats (423) but

tolbutamide had no such effect (1011). The mechanism

involved in this inhibition of renin release is not known.

Histamine has been found to cause a 2-fold rise in PRA

and dipsogenesis in rats (426). The antihistamine diphen-

hydramine abolished the effect of histamine on drinking,

but the effect of histamine-induced renin release was not

reported. Dextran also elicited renin release and drinking.

Pretreatment with either diphenhydramine or propran-

obol blocked the drinking response but did not alter the

stimulation of renin release caused by dextran.

Puromycin and cycboheximide inhibit the final stages

of protein synthesis at the ribosomes. The renin release

caused by a decrease in renal perfusion (166) or the

application of a clip to the renal ateries of dogs (684)

was attenuated by puromycin. Cycboheximide lowered

basal renin release and the stimulation of renin release

caused by isoproterenol and glucagon in the isolated

perfused rat kidney (1127). The mechanism responsible

for this suppression of renin release is not known.

Because intracellular microtububes seemed to play a

role in many secretory processes, the effects of several

inhibitors of the microtubular system on renin release

have been studied. Vincristine was shown to inhibit

isoproterenol-stimulated renin release, but not basal

renin release, from rat renal cortical slices in vitro (189).

However, Hackenthal et a!. (430) found that vinblastine

and cobchicine had a variable influence on basal and

stimulated renin release. Both compounds attenuated

the increase in PRC seen after the administration of

furosemide to rats. Vinblastine, when added to rat renal

cortical slices in vitro, lessened basal renin release and

that release caused by isobutylmethylxanthine and iso-

proterenol. Cobchicine was without effect. Conversely,

vinbbastine and cobchicine increased renin release by 2-

to 3-fold when injected into the isolated perfused rat

kidney and did not affect the renin response to isopro-

terenol in this system. While the authors conceded that

renin release might involve microtubules, the usefulness

of vinbbastine and cobchicine in studying this relationship

was judged to be limited (430).

In an attempt to delve into the role of calcium in renin

release, two calcium ionophores were injected into the

isolated, perfused rat kidney in the presence and absence

of calcium (996). The ionophore X537A stimulated renin

release in the presence and absence of calcium. In the

absence of calcium, A23187 had no effect on renin release,

and in the presence of calcium this ionophore both in-

creased and decreased renin release. Harada et a!. (443a)

found that A23187 evoked a dose-rebated increase in

renin release from the isolated perfused feline kidney.

Because this stimulation of renin release was inhibited

by calcium deprivation, propranobob, or the prior treat-

ment of the cats with reserpine, it was concluded that

A23187 induced renin release in the intact kidney by the

release of norepinephrine. However, A23187 also en-

hanced the secretion of renin from superfused feline

gbomeruli in vitro, and this stimulation was not impaired

by the removal of calcium from the superfusate. In the

latter case, A23187 was believed to stimulate renin secre-

tion by mobilizing intracellular calcium. As mentioned in

the section on calcium and renin release, the elevation of

the intracellular concentration of calcium in the granular

JG cells appears to inhibit renin release.

In epileptic patients treated with anticonvulsant doses

of phenobarbita!, an inverse correlation was noted be-

tween PRC and the plasma concentration of phenobar-

bital (liSa). Conversely, treatment with phenobarbital

elevated the concentration of renin substrate in the

plasma. Phenobarbital did not inhibit the renin-renin

substrate reaction in vitro. Another anticonvulsant,

phenytoin, was observed to elicit a dose-rebated stimu-

bation of renin secretion from rat renal cortical slices in

vitro (218a). Both basal and phenytoin-induced renin

secretion were inhibited by removing potassium from the

medium and adding ouabain or by reducing the sodium

concentration of the medium. Churchifi et a!. (218a)

suggested that renin secretion was a function of the

transmembrane sodium gradient of the granular JG cells
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TABLE 3

The alteration ofactive renin (PRA), totaiplasma renin activity (TPRA), and inactive renin (TPRA-PRA) byphysiologic and pharmacologic

interventions

Experimental Subjects Intervention PRA TPRA Inactive Renin Comments References

Anesthetized pigs

Anesthetized pigs

I

I
I

47

47

I
�

I
I
�

I
j,

NC.

I
NC.

I
�
�

I
NC.

I
I
I

I
I
I

I
I
I

I I NC.

I

I

I

I

I

NC.

I
N.C.

I
NC.

NC.

NC.

N.C.

I I N.C.orl

I
I
I

I
N.C.

I

N.C.

NC.

I

NC.

NC.

I
��
�

NC.

N.C.

N.C.

N.C.�
I

N.C.

NC.

N.C.

�

I
NC.

NC.

I

N.C.

NC.
I

N.C.

I �L

I
�

N.C.

NC. I

Orthostasis

Furosemide, single dose

Furosemide, 1 day

557

720

557

967

1196

967
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* I� increase; L decrease; N.C., no change.

and that phenytoin increased this gradient, causing an

increase in calcium efflux and/or a decrease in calcium

influx that led to the enhanced secretion of renin.

L. Inactive Renin and Its Alteration by Drugs.

One of the original techniques developed for the mea-

surement of PRC involved the prior destruction of

plasma angiotensinases and endogenous renin substrate

by lowering the plasma to less than pH 4. Exogenous

renin substrate was then added, and PRC was calculated

from the amount of Al generated at pH 7.4 (1020).

However, recent studies (1001, 1021) have indicated that

human plasma contains both an active and an inactive

form of renin, and the latter can be converted into an

enzymatically active form by acid-activation or cryoac-

tivation. Thus, prior acidification followed by neutrali-

zation may atificially increase the activity of renin in

plasma from humans (1001, 1021), dogs (524), and pigs

Anesthetized dogs

NT humans

HT humans, seated

NT and HT humans,

upright
HT humans, seated

HT humans, seated

NT humans, supine

HT humans, supine

HT humans (low

renin), upright

NT and HT humans,

upright

NT humans

NT and HT humans,

upright

NT humans

NT humans, supine

HT humans, seated

HT humans, supine

HT humans, supine

HT humans, supine

HT humans, supine

HT humans, supine

Hemorrhage

Furosemide, single dose

Isoproterenol, infusion, iv.

Furosemide, single dose

Propranolol, single dose

Indomethacin, single dose

Intravenous infusion of sa-

line

Furosemide, single dose

Propranolol, single dose

Head-up tilting

Sodium restriction, 5 days

Saline infusion, i.v.

Chiorthalidone, 3-8 wk

Spironolactone, 3-6 wk

Hydrochlorothiazide, 5

days

Saralasin infusion, iv.

Hydrochlorothiazide, 3 mo

Hydrochlorothiazide, 1 wk

Low salt diet, 1 wk

Propranolol, 1 wk

Indomethacin, 1 wk

Furosemide, single dose

Indomethacin, 3 days

Orthostasis

Furosemide, single dose

Isoproterenol infusion, iv.

Propranolol, 8 wk

propranolol, 2 wk

Propranolol, 1-4 wk

Diazoxide, single dose

Diazoxide, single dose

Clonidine, 2-5 wk

I I
I I
I I
I I
J,
‘��

Renal venous blood in all cases

After furosemide

After propranolol

Renal venous blood in all cases

After iv. saline

After furosemide

Given after hydrochiorothiazide, 5

days

Added to hydrochiorothiazide

Added to hydrochlorothiazide and

low salt diet

Added to hydrochlorothiazide and

low salt diet

Furosemide given after orthostasis

Supine position

After indomethacin

After indomethacin and orthostasis

Blood pres8ure decreased

No change in blood pressure

Measured renin secretion during an-

giographic studies

Renal venous blood, normal renal

arteries

Renal venous blood, stenotic renal

arteries

524

269

33

1196

33

33

557

269

33

91

269

267

269

33
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(47). Inactive renin also has been reported to be present

in renal tissue from humans (270), rabbits (639), pigs

(120), and rats (271). In fact, it has been suggested that

the inactive form of renin may be the intrarenal storage

form of this enzyme (271).

At this time, many questions concerning the physico-

chemical characteristics and pathophysiobogic signifi-

cance of the inactive renin in the blood are unanswered.

Nevertheless, the following facts have been established:

1) the increase in the enzymatic activity of plasma renin

after acid treatment does indeed appear to be due to the

activation of a proenzyme rather than the removal of an

inhibitor (270); 2) the values determined for inactive

renin in human (270, 557) and porcine (47) plasma are

considerably greater than those of active renin; 3) the

values of active and inactive renin in human plasma are

well-correlated under steady-state conditions (269, 270);

4) bilateral nephrectomy causes a marked decrease in

both active and inactive renin in the blood (270); 5) the

half-life of inactive renin in the circulation is much longer

than the half-life of active renin (270); 6) the reaction of

acid-activated human plasma renin and renal renin with

either homologous or heterobogous renin substrate re-

vealed identical Km values (270); 7) plasma All bevels are

well correlated with active renin (PRA) but not with

inactive renin (557); 8) the kidney may play a role in the

activation of inactive renin in the blood (267, 270); 9)

under basal conditions, renin is secreted from the human

kidney mainly in the active form (91); 10) the renal

release of active and inactive renin in response to various

stimuli can be dissociated (33, 47, 91, 267, 270, 557, 720,

967, 1196); and 11) changes in the release of active renin

in response to stimuli occur rapidly whereas changes in

inactive renin release occur more slowly (1196).

With these observations in mind, we will briefly sum-

marize the physiologic and pharmacologic alteration of

the release of inactive renin from the kidney. As men-

tioned previously, the beta-adrenergic antagonists pro-

pranobol (269) and metoprobob (16) lowered PRA without

affecting PRC [measured as “total plasma renin” by the

method of Skinner et a!. (1021)] in hypertensive patients.

In like fashion, atenobob did not lower “total plasma renin

activity” (TPRA) in hypertensive humans (319). In more

recent studies, researchers have measured active renin

(PRA), total renin (TPRA), and inactive renin (TPRA-

PRA) after physiologic perturbations or the administra-

tion ofvarious drugs to healthy and hypertensive humans

and experimental animals. These studies are summarized

in table 3. In many cases (33, 267, 269), the stimulation

of the release of active renin (PRA) is accompanied by a

decrease in the circulating bevel of inactive renin. On the

other hand, certain interventions, sodium depletion in

paticular (33, 47, 557, 1196), tend to elicit an increase in

PRA, TPRA, and inactive renin. Some species differ-

ences also may occur. For example, isoproterenob in-

creases PRA and decreases inactive renin in humans

(269), whereas this drug elevates both active and inactive

renin in pigs (47). Until the exact importance of inactive

renin in health and disease is determined, the significance

of these drug-induced changes in the release of inactive

renin cannot be stated with any certainty.

Acknowledgments. We wish to express our appreciation to Dr.

William A. Pettinger for introducing us to the subject of renin release

and stressing the importance of critical evaluation of experimental data

during our predoctoral training. We aLso would like to thank Mrs.

Stephanie Wooten, Beverly Keeton, and Nancy Salamandra for their

invaluable assistance in the preparation of this manuscript.

REFERENCES

1. ABBREcHT, P. H., AND VANDER, A. J.: Effects of chronic potassium deS-
ciency on plasma renin activity. J. Clin. Invest. 49: 1510-1516, 1970.

2. ABE, K., IROXAWA, N., A0YAGI, H., MEMEZAWA, H., YASUJIMA, M., OUr-
SUKA, Y., SArro, T., AND YOSHINAGA, K.: Circulating renin in essential
hypertension: An evaluation of its significance in the Japanese popula-
tion. Amer. Heart J. 89: 723-730, 1975.

2a. ABE, K., ITOH, T., SATOH, M., HABUYAMA, T., IMAI, Y., Go�ro, T., SATOH,

K., OTsux.�t, Y., AND YOSHINAGA, K.: Indomethacin (md) inhibits an
enhanced renin release following the captopril, SQ 14225, administration.

Life Sci. 26: 561-565, 1980.

3. ABE, K., YASUJIMA, M., CHIBA, S., IROKAwA, N., ITO, T., AND YOSHINAGA,

K.: Effect of furosemide on urinary excretion of prostaglandin E in
normal volunteers and patients with essential hypertension. Prostaglan-

dins 14: 513-521, 1977.

4. ABE, Y., IWAO, H., OKAHARA, T., AND YAMAMOTO, K.: Control of renin
secretion. Jap. Circ. J. 41: 251-257, 1977.

5. ABE, Y., OKAHARA, T., KISHIMOTO, T., YAMAMOTO, K., AND UEDA, J.:
Relationship between intrarenal distribution of blood flow and renin
secretion. Amer. J. Physiol. 225: 319-323, 1973.

6. ABERG, H.: Plasma renin activity after the use of a new beta-adrenergic
blocking agent (IC.!. 66,082). mt. J. Clin. Pharmacol. 9: 98-100, 1974.

7. ABLAD, B.: A study of the mechanism of the haemodynamic effects of
hydralazine in man. Acts Pharmacol. Toxicol. 20: auppl. I, 1-53, 1963.

8. ABUKHRES, M. M., ERTEL, R. J., DIxIT, B. N., AND VOLLMER, R. R.: Role
of the renin-angiotensm system in the blood pressure rebound to sodium

nitroprusside in the conscious rat. Eur. J. Pharmacol. 58: 247-254, 1979.

9. ADLER-GRAScHINSKY, E., AND LANCER, S. Z.: Possible role of a /�-adreno-
ceptor in the regu’ation of noradrenaline release by nerve stimulation
through a positive feedback mechanism. Brit. J. Pharmacol. 53: 42-50,

1975.

10. AGUS, Z. S., GARDNER, L B., BECK, L H., AND GOLDBERG, M.: Effects of

parathyroid hormone on renal tubular reabsorption of calcium, sodium,
and phosphate. Amer. J. Physiol. 224: 1143-1148, 1973.

11. AIDA, M., MAEBASHI, M., YOSHINAGA, K., ABE, K., MIWA, I., AND WATAN-

ABE, N.: Changes in plasma renin during sodium depletion in man.

Tohoku J. Exp. Med. 83: 11-14, 1964.

12. ALEXANDRE, J. M., MENARD, J., CHEVILLARD, C., AND SCHMII-r, H.:
Increased plasma renin activity induced in rats by physostigmine and

effects of alpha- and beta-receptor blocking drugs thereon. Eur. J.
Pharmacol. 12: 127-131, 1970.

13. ALLISON, D. J., TANIGAWA, H., AND ASSAYKEEN, T. A.: The effects of cyclic

nucleotides on plasma renin activity and renal function in dogs. In
Control of Renin Secretion, ed. by T. A. Assaykeen, pp. 33-47, Plenum
Press, New York, 1972.

14. ALTAMURA, A. C., AND MORGANTI, A.: Plasma renin activity in depressed
patients treated with increasing doses oflithium carbonate. Psychophar-
macology 45: 171-175, 1975.

15. AMERY, A., DE PLAEN, J. F., FAGARD, R., LIJNEN, P., AND REYBROUCK, T.:
The relationship between beta-blockade, hyporeninaemic and hypoten-

sive effect of two beta-blocking agents. Postgrad. Med. J. 52: suppl. 4,

102-108, 1976.

16. AMERY, A., LIJNEN, P., FAGARD, R., AND REYBROUCK, T.: Plasma renin
activity vs. concentration. N. Engl. J. Med. 295: 1198-1199, 1976.

17. ANAvEKAR, S. N., Louis, W. J., MORGAN, T. 0., DOYLE, A. E., AND

JOHNSTON, C. I.: The relationship of plasma levels of pindolol in hyper-

tensive patients to effects on blood pressure, plasma renin and plasma

noradrenaline levels. Clin. Exp. Pharmacol. Physiol. 2: 203-212, 1975.

18. ANDERSON, G. H., STREETEN, D. H. P., AND DALAKOS, T. G.: Presser
response to 1-Sar-8-Ala-angiotensin II (saralasin) in hypertensive sub-

jects. Circ. Res. 40: 243-250, 1977.

19. ANDERSON, R. J., TAHER, M. S., CRONIN, R. E., MCDONALD, K. M., AND

SCHRIER, R. W.: Effect of beta-adrenergic blockade and inhibitors of

angiotensin II and prostaglandin on renal autoregulation. Amer. J. Phys-
iol. 229: 731-736, 1975.

20. ANDERSON, W. P., CROSS, R. B., AND BARGER, A. C.: Influence of plasma
and extracellular fluid volumes on plasma renin activity in sodium-

depleted dogs. Clin. Exp. Pharmacol. Physiol. suppl. 2, 115-118, 1975.

21. ANNAT, G., GRANDJEAN, B., VINCENT, M., JARSAILLON, E., AND SASSARD,

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


204 KEETON AND CAMPBELL

J.: Effects of right atrial stretch on plasma renin activity. Arch. mt.
Physiol. Biochem. 84: 311-315, 1976.

21a. ANTONACCIO, M. J., HARRIS, D., HIGH, J. P., AND RUBIN, B.: The effects
of captopril, propranolol and indomethacin on blood pressure and plasma

renin activity in spontaneously hypertensive and normotensive rats.
Proc. Soc. Exp. Biol. Med. 162: 429-433, 1979.

22. ANTONACCIO, M. J., RoBsoN, R. D., AND Buiut�u�, R.: The effects of L-

dopa and alpha-methyldopa on reflexes and sympathetic nerve function.
Eur. J. Pharmacol. 25: 9-18, 1974.

23. ANTONELLO, A., CARGNIELLI, G., F ERRARI, M., MELACINI, P., AND M0N-

TANARO, D.: Effect of digoxin and plasma-renin-activity in man. Lancet

2: 850, 1976.

24. Aoi, W., HENRY, D. P., AND WEINBERGER, M. H.: Evidence for a physio-
logical role of renal sympathetic nerves in adrenergic stimulation of renin
release in the rat. Circ. Res. 38: 123-126, 1976.

25. Aoi, W., WADE, M. B., ROSNER, D. R., AND WEINBERGER, M. H.: Renin
release by rat kidney slices in vitro: Effects ofcations and catecholamines.
Amer. J. Physiol. 227: 630-634, 1974.

26. A0KI, K., KONDO, S., MOCHIZUKI, A., YOSHIDA, T., K�o, S., KATO, K.,
AND TAKIKAWA, K.: Antihypertensive effect of cardiovascular Ca2�-an-
tagonist in hypertensive patients in the absence and presence of beta-
adrenergic blockade. Amer. Heart J. 96: 218-226, 1978.

27. Aoiu, K., YOSHIDA, T., K�o, S., TAZUMI, K., SATO, L, TAKIKAWA, K., AND

HOTFA, K.: Hypotensive action and increased plasma renin activity of

Ca2� antagonist (nifedipine) in hypertensive patients. Jap. Heart J. 17:
479-484, 1976.

28. ARENDSHORST, W. J., AND FINN, W. F.: Renal hemodynamics in the rat

before and during inhibition of angiotensin II. Amer. J. Physiol. 233:
F290-F297, 1977.

29. AS8AYKEEN, T. A., CLAYTON, P. L, GOLDFIEN, A., AND GANONG, W. F.:
Effect of alpha- and beta-adrenergic blocking agents on the renin re-
sponse to hypoglycemia and epinephrine in dogs. Endocrinology 87:
1318-1322, 1970.

30. ASSAYKEEN, T. A., AND GANONG, W. F.: The sympathetic nervous system
and renin secretion. In Frontiers in Neuroendocrinology, 1971, ad. by E.
Martini and W. F. Ganong, pp. 67-102, Oxford University Press, New

York, 1971.
31. ASSAYKEEN, T. A., TANIGAWA, H., AND ALLISON, D. J.: Effect of adreno-

ceptor blocking agents on the renin response to isoproterenol in dogs.
Eur. J. Pharmacol. 26: 285-297, 1974.

32. ATLAS, D., MELAMED, E., AND LARAU, M.: /�-Adrenergic receptors in rat
kidney. Direct localization by a fluorescent a-blocker. Lab. Invest. 36:

465-468, 1977.
33. Am�s, S. A., SEALEY, J. E., LARAGH, J. H., AND MooN, C.: Plasma renin

and “prorenin” in essential hypertension during sodium depletion, beta-
blockade and reduced arterial pressure. Lancet 2: 785-789, 1977.

34. AI’FMAN, P. 0., AURELL, M., AND JOHNSSON, G.: Effects of metoprolol and
propranolol on furosemide-stimulated renm release in healthy subjects.
Eur. J. Clin. Pharmacol. 8: 201-204, 1975.

35. ATUK, N. 0., AYERS, C. R., AND WESTFALL, V.: Effect ofdopamine on blood
pressure and urinary excretion of cat.echolamines in man (Abstract).
Clin. Sea. 16: 90, 1968.

36. AYACHI, S., HALL, C. E., HOLLAND, 0. B., AND GoMEz-S�cHEz, C.: Effect
of deoxycorticosterone acetate and 16-bet.a-hydroxy-dehydroepiandros-
terone on blood pressure and plasma renin activity of rat. Proc. Soc. Exp.

Biol. Med. 152: 218-220, 1975.
37. AYERS, C. R., HARRIS, R. H., JR., AND LEFER, L. G.: Control of remn

release in experimental hypertension. Circ. Res. 24/25: suppl. m,103-113,
1969.

38. AYERS, C. R, KATHOLI, R. E., VAUGHN, E. D., JR., CAREY, R. M., KIM-

BROUGH, H. M., JR., YANCEY, M. R., AND MORTON, C. L.: Intrarenal
renin-angiotensin-sodium interdependent mechanism controlling
postclamp renal artery pressure and renin release in the conscious dog
with chronic one-kidney Goldblatt hypertension. Circ. Res. 40: 238-242,

1977.

39. AYERS, C. R., VAUGHN, E. D., JR., YANCEY, M. R., BING, K. T., JOHNSON,

C. C., AND MORTON, C.: Effect of 1-sarcosine-8-alanine angiotensin mm
and converting enzyme inhibitor on renin release in dog acute renovas-

cular hypertension. Circ. Res. 34/35: suppl. I, 27-33, 1974.

40. BAER, L., BRUNNER, H. R., BARD, R., AND LARAGH, J.: Suppression of
renin and aldosterone by clonidine (Abstract). Ann. mnt. Med. 74: 830,
1971.

41. BAER, L., GoODwIN, F. J., AND LARAGH, J. H.: Diazoxide-induced renin
release in man: Dissociation from plasma and extracellular fluid volume
changes. J. Clin. Endocrinol. 29: 1107-1109, 1969.

42. BAILEY, D. R., MILLER, E. D., JR., KAPLAN, J. A., AND ROGERS, P. W.: The
renin-angiotensin-aldosterone system during cardiac surgery with mor-

phine-nitrous oxide anesthesia. Anesthesiology 42: 538-544, 1975.

43. BAILIE, M. D., ALWARD, C. T., SAWYER, D. C., AND HooK, J. B.: Effect of
anesthesia on cardiovascular and renal function in the newborn piglet. J.

Pharmacol. Exp. Ther. 208: 298-302, 1979.
44. BAILIE, M. D., BARBOUR, J. A., AND HooK, J. B.: Effects of indomethacin

on furosemide-induced changes in renal blood flow. Proc. Soc. Exp. Biol.

Med. 148: 1173-1176. 1975.

45. BAILIE, M. D., CROSSLAN, K., AND HOOK, J. B.: Natriuretic effect of
furosemide after inhibition of prostaglandin synthetase. J. Pharmacol.

Exp. Ther. 199: 469-476, 1976.
46. BAILIE, M. D., DAVIS, L. E., AND LOUTZENHISER, R.: Intrarenal secretion

of renin in the dog: Effect offuroaemide. Amer. J. Physiol. 224: 425-430,
1973.

47. BAILIE, M. D., DERKX, F. M. H., AND SCHALEKAMP, M. A. D. H.: Release
of active and inactive remn by the porcine kidney. Circ. Res. 44: 32-37,
1979.

48. BALLANTYNE, B.: The neurohistology of the mammalian kidney. Univ.
Leeds Med. 8: 50-59, 1959.

49. BALMENT, R. J., HENDERSON, I. W., AND OLIVER, J. A.: The effects of
vasopressin on pituitary oxytocin content and plasma renin activity in
rats with hypothalamic diabetes insipidus (Brattleboro strain). Gen.
Comp. Endocrinol. 26: 468-477, 1975.

50. BARAJAS, L.: The innervation ofthe juxtaglomerular apparatus: An electron
microscopic study of the innervation of the glomerular arterioles. Lab.
Invest. 13: 916-929, 1964.

51. BARAJAS, L.: Anatomical considerations in the control of renin secretion In
Control of Renin Secretion, ed by T. A. Assaykeen, pp. 1-16, Plenum

Press, New York, 1972.
51a. BMAJAs, L.: Anatomy of the juxtaglomerular apparatus. Amer. J. Physiol.

237: F332-F343, 1979.
52. BAIwAS, L, BENNETF, C. M., CONNOR, G., AND LINDSTROM, R. R.:

Structure of a juxtaglomerular cell tumor. The presence of neural com-
ponents. A light and electron microscopic study. Lab. Invest. 37: 357-
368, 1977.

53. B�uw�s, L., AND LATFA, H.: A three-dimensional study of the juxtaglo-
merular apparatus in the rat: Light and electron microscopic observa-
lions. Lab. Invest. 12: 257-269, 1963.

54. BARAJA8, L, AND MULLER, J.: The innervation of the juxtaglomerular
apparatus and surrounding tubules: A quantitative analysis by serial
section electron microscopy. J. Ultrastruct. Baa. 43: 107-132, 1973.

55. BARBEAU, A.: Dopamine and disease. Can. Med. Ass. J. 103: 824-832, 1970.
56. B*JtBE�u, A., Gn.Lo-J0FrR0Y, L, BOUCHER, R., NOWACZYNSKI, W., AND

GENEST, J.: Renin-aldosterone system in Parkinson’s disease. Science
165: 291-292, 1969.

57. BARGER, A. C., MULDOWNEY, F. P., AND LlEBowrrz, M. R.: Role of the
kidney in the pathogenesis of congestive heart failure. Circulation 20:
273-285, 1969.

58. BARNADO, D. E., SUMMERSKILL, W. H. J., STRONG, C. G., AND BALDUS, W.
P.: Renal function, renin activity and endogenous vasoactive substances
in cirrhosis. Amer. J. Dig. Dis. 15: 419-425, 1970.

59. BARRETF, A. M., AND CARTER, J.: Comparative chronotropic activity of
beta-adrenoceptive antagonist. Brit. J. Pharmacol. 40: 373-381, 1970.

60. BARTHOLINI, G., KELLER, H. H., AND PLETSCHER, A.: Effect of neuroleptics
on endogenous norepinephrine in rat brain. Neuropharmacology 12:
751-756, 1973.

61. BARTFER, F. C., CASPER, A. C. T., DELEA, C. S. AND SLATER, J. D. H.: On
the role of the kidney in control of adrenal steroid products. Metabolism
10: 1006-1020, 1961.

62. BAUM, T., AND SHROPSHIRE, A. T.: Reduction of sympathetic outflow by
central administration of L-dopa, dopamine and norepinephrine. Neuro-

pharmacology, 12: 49-56, 1973.

63. BAUMBACH, L., AND LEYSSAC, P. P.: Studies on the mechanism of renin
release from isolated superfused rat glomeruli: Effects ofcalcium, calcium
ionophore and lanthanum. J. Physiol. (London) 273: 745-764, 1977.

64. BAUMBACH, L., LEYSSAC, P. P., AND SKINNER, S. L.: Studies on renin
release from isolated superfused glomeruli: Effects of temperature, urea,
ouabain, and ethacrynic acid. J. Physiol. (London) 258: 243-256, 1976.

65. BEATFY, 0., mim,SLOOP, C. H., SCHMID, H. E., JR., AND BUCKALEW, V. M.,
JR.: Renin response and angiotensinogen control during graded hemor-
rhage and shock in the dog. Amer. J. Physiol. 231: 1300-1307, 1976.

66. BECK, N., KIM, K. S., AND DAVIS, B.: Catecholamine-dependent cyclic
adenosine monophosphate and renin in the dog kidney. Circ. Res. 36:
401-405, 1975.

67. BECK, N. P., REED, S. W., MURDAUGH, H. V., AND DAVIS, B. B.: Effects of
catecholamines and their interaction with other hormones on cyclic 3’S’-
adenosine monophosphate of the kidney. J. Clin. Invest. 31: 939-944,
1972.

68. BECKERHOFF, R., LUETSCHER, J. A., WILKINSON, R., GONZALES, C., AND

NOKES, G. W.: Plasma renin concentration, activity, and substrate in
hypertension induced by oral contraceptive. J. Chin. Endocrinol. Metab.
34: 1067-1073, 1972.

69. BECKERHOFF, R., UHLSCHMID, G., VEI-FER, W., ARMBRUSTER, H., AND

SIEGENTHALER, W.: Plasma renin and aldosterone after renal transplan-
tation. Kidney Int. 5: 39-46, 1974.

69a. BECKERHOFF, R., UHLSCHMID, G., VETFER, W., AND SIEGENTHALER, W.:
Studies on the effect of angiotensin H and of des’-angiotensin H on blood
pressure, plasma renin activity and plasma aldosterone in the dog. Clin.
Sci. Mol. Med. 51: 147s-150s, 1976.

70. BEEvERS, D. G., BROWN, J. J., FRASER, R., LEVER, A. F., MORTON, J. J.,
ROBERTSON, J. I. S., SEMPLE, P. F., AND TREE, M.: The clinical value of

renin and angiotensin estimation. Kid. mt. 8: suppl., 181-201, 1975.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 205

71. BELL, C., AND LANG, W.: Neural dopaminergic vasodilator control in the
kidney. Nature New Biol. 246: 27-29, 1973.

72. BELL, C., AND LANG, W. J.: Effects of renal dopamine receptor and beta-
adrenoceptor blockade on rises in blood angiotensin after haemorrhage,
renal ischaemia and furosemide diuresis in the dog. Clin. Sci. Mol. Med.
54: 17-23, 1978.

73. BENFEY, B. G., LEDOUX, G., AND MELVILLE, K. I.: Increased urinary
excretion of adrenaline and noradrenaline after phenoxybenzamine. Brit.
J. Pharmacol. Chemother. 14: 142-148, 1959.

74. BERE’N’A-PIcCOU, C., WEIDMANN, P., DECHATEL, R., HIRSCH, D., AND

REUBI, F. C.: Beziehungen zwischen Blutdruck, Blutvolumen and Plas-
marenin wahrend Diuretikatherapie bei essentieller Hypertonie.
Schweiz. Med. Wochenschr. 107: 104-115, 1977.

75. BERG, K. J., AND LOEW, D.: Inhibition of furosemide-induced natriuresis
by acetylsalicyclic acid in dogs. Scand. J. Clin. Lab. Invest. 37: 125-131,
1977.

75a. BasiL, T., HENRICH, W. L, EiucasoN, A. L., AND SCHRIER, R. W.:
Proataglandins in the beta-adrenergic and baroreceptor-mediated secre-
tion of renin. Amer. J. Physiol. 236: F472-.477, 1979.

76. BER5ON, S. A., AND YALOW, R. S.: Kinetics of the reaction between insulin
and insulin binding antibody (Abstract). J. Clin. Invest. 36: 873, 1957.

77. BERSON, S. A., AND Y�.Low, R. S.: Principles of immunoassay of peptide
hormones in plasma. In Clinical Endocrinology, vol. IL, ad. by E. B.
Aatwood and C. E. Cassidy, pp. 699-720, Grune & Stratton, New York,

1968.
78. BEVAN, J. A.: Norepinephrine and the presynaptic control of adrenergic

transmitter release. Fed. Proc. 37: 187-190, 1978.
79. BEYER, K. H., JR.: Diuretics in perspective. J. Clin. Pharmacol. 17: 618-

625, 1977.
80. BIANCHI, A., EVANS, D. B., COBB, M., PESCHKA, M. T., SCHAEFFER, T. R.,

AND LAFFAN, R. J.: Inhibition by SQ 20881 of vasopressor response to

angiotenain I in conscious animals. Eur. J. Pharmacol. 23: 90-96, 1973.
81. BIAVA, C. G., AND WEST, M.: Fine structure of normal human juxtaglo-

merular cells. Amer. J. Pathol. 49: 679-721, 1966.
82. BICKERTON, R. K., AND BUCKLEY, J. P.: Evidence for a central mechanism

in angiotensin induced hypertension. Proc. Soc. Exp. Biol. Med. 106:
834-836,1961.

83. BIGELOW, L B., DAIRMAN, W., WEIL-MALHERBE, H., AND UDENFRIEND,

S.: Increased synthesis of catecholamines and their metabolites following
the administration of phenoxybenzamine. Mol. Pharmacol. 5: 565-571,

1969.
84. BING, J.: Rapid marked increased in plasma renin in rats treated with

inhibitors of the renin system. Acta Pathol. Microbiol. Scand. Sect. A
81: 376-378, 1973.

85. BING, J., AND FAARUP, P.: A qualitative and quantitative study of renin in
the different layers of the rabbit uterus. Acts Pathol. Microbiol. Scand.
67: 169-179, 1966.

86. BING, J., AND POULSEN, K.: Time course of changes in plasma renin after
blockade of the renin-system. Acta Pathol. Microbiol. Scand. Sect. A 83:
454-466, 1975.

87. BING, J., AND POULSEN, K.: Different effects on renal and submaxillary
renin release after blockade of the renin System in mice. Acta Pathol.
Microbiol. Scand. sect. A 83: 733-736, 1975.

88. BINNION, P. B., DAVIS, J. 0., BROWN, T. C., AND OLICHNEY, M. J.:
Mechanisms regulating aldosterone secretion during sodium depletion.

Amer. J. Physiol. 208: 655-661, 1965.
89. BIRBARI, A.: Effect of sympathetic nervous system on remn release. Amer.

J. Physiol. 220: 16-18, 1971.
90. BIRBARI, A.: Intrarenal factors in the control of renin secretion. Pfl#{252}gers

Arch. Eur. J. Physiol. 337: 29-37, 1972.
91. BIRKENHAGER, W. H., DELEEUW, P. W., FALKE, H. E., AND VANSOEST, G.

A. W.: Renin secretion by the human kidney. Clin. Sci. Mol. Med. 55:
1475-1495, 1978.

92. BIRON, P., KoIw, E., NOWAcZYNSKI, W., BROULET, J., AND GENEST, J.: The
effects ofintravenous infusion ofvallne-5-angiotensin H and other presser

agents on urinary electrolytes and corticosteroids including aldosterone.
J. Clin. Invest. 40: 338-347, 1961.

93. BIRTCH, A. G., ZAKHEIM, R. M., JONES, L G., AND BARGER, A. C.:
Redistribution of renal blood flow produced by furosemide and etha-
crynic acid. Circ. Has. 21: 869-878, 1967.

94. BLacK5HEAR, J. L, Spiautai�i, W. S., KNOX, F. G., �iD ROMERO, J. C.:
Dissociation of renin release in renal vasodilation by prostaglandin
synthesis inhibitors. Amer. J. Physiol. 237: F20-F24, 1979.

95. BLACKSHEAR, J. L., AND WATHEN, R. L.: Effects of indomethacin on renal
blood flow and renin secretory responses to ureteral occlusion in the dog.
Mineral Electrolyte Metab. 1: 271-278, 1978.

96. BLAINE, E. H.: Renin secretion after papaverine and furosemide in con-
scious sheep. Proc. Soc. Exp. BioL Med. 154: 232-237, 1977.

97. BLAINE, E. H., DAVIS, J. 0., AND PREWII-r, R. L: Evidence for a renal
vascular receptor in control of renin secretion. Amer. J. Physiol. 220:
1593-1597, 1971.

98. BLAINE, E. H., DAVIS, J. 0., AND WITTY, R. T.: Renin release after
hemorrhage and after suprarenal aortic constriction in dogs without

sodium delivery to the macala dense. Circ. Has. 27: 1081-1089, 1970.

99. BLAINE, E. H., AND ZIMMERMAN, M. B.: Renal function and renin secretion
after administration ofouabain and ouabain plus furosemide in conscious
sheep. Circ. Res. 43: 36-43, 1978.

100. BLAIR, C. S., AND FEIGL, E. 0.: Renin release from brain stimulation
(Abstract). Fed. Proc. 27: 629, 1968.

101. BLAIR, M. L., FEIGL, E. 0., AND SMITH, 0. A.: Elevation of plasma renin
activity during avoidance performance in baboons. Amer. J. Physiol.

231: 772-776, 1976.
102. BLAIR, M. L., REID, I. A., AND GANONG, W. F.: Effect of L-dopa on plasma

ream activity with and without inhibitor of extracerebral dopa decarbox-
ylase in dogs. J. Pharmacol. Exp. Ther. 202: 209-215, 1977.

102a. BLAIR, M. L, REID, I. A., KEIL, L C., AND GANONG, W. F.: Role of
peripheral adrenoceptors and vasopressin in the suppression of plasma
renin activity by L-dopa in carbidopa-treated dogs. J. Pharmacol. Exp.
Ther. 210: 368-372, 1979.

103. BLaIR-WEST, J. R., BRoosa, A. H., AND SIMPSoN, P. A.: On the question
of body fluid volume or sodium status influencing renin release. J.
Physiol. (London) 267: 321-338, 1977.

104. BLAIR-WEST, J. R., CAIN, M. D., CArT, K. J., COUGHLAN, J. P., DENTON,

D. A., FUNDER, J. W., SCOGGINS, B. A., AND WRIGHT, R. D.: The
dissociation of aldosterone secretion and systemic remn and angiotensin

II levels during the correction ofsodium deficiency. Acts Endocrinol. 66:
229-247, 1971.

105. BL�IR-WEsr, J. R., COGHLAN, J. P., DENTON, D. A., FUNDER, J. W.,
SCOGGINS, B. A., AND WRIGHT, R. D.: Inhibition of renin secretion by
systemic and intrarenal angiotensin infusion. Amer. J. Physiol. 220:
1309-1315, 1971.

106. BLAKE, W. D.: Some effects of pentobarbital anesthesia on renal hemody-
namics, water, and electrolyte excretion in the dog. Amer. J. Physiol.
191: 393-398, 1952.

107. BLENDSTRUP, K., LEYSSAC, P. P., POULSEN, K., AND SKINNER, S. L:

Characteristics of renin release from isolated superfused glomeruli in

vitro. J. Physiol. (London) 246: 653-672, 1975.

108. BLUMBERG, A. L., ACKERLY, J. A., AND PEACH, M. J.: Differentiation of
neurogenic and myocardial angiotensin H receptors in isolated rabbit
atria. Circ. Has. 36: 719-726, 1975.

109. BOLGER, P. M., EISNER, G. M., RAMWELL, P. W., AND SLOTKOFF, L. B.:
Effect of prostaglandin synthesis on renal function and renin in the dog.
Nature (London) 259: 244-245, 1976.

1 10. BOLGER, P. M., EISNER, G. M., RAMWELL, P. W., AND SLOTKOFF, L M.,
AND COREY, E. J.: Renal actions of prostacyclin. Nature (London) 271:
467-469, 1978.

111. BOLGER, P. M., EISNER, G. M., SHEA, P. T., RAMWELL, P. W., AND

SLOTKOFF, L. M.: Effects of PGD2 on canine renal function. Nature
(London) 267: 628-630, 1977.

112. BOLL, H., LAUTERWEIN, B., MEYER, D. K., AND HERTTING, G.: Inhibition
of the adrenalectomy-induced increase in plasma renin concentration by
vasoconstrictor agents in rats. Naunyn-Schmiedeberg’s Arch. Pharmacol.

294: 187-192, 1976.
113. BOLLI, P., WooD, A. J., AND SIMPSON, F. 0.: Effects ofprazosin in patients

with hypertension. Clin. Pharmacol. Ther. 20: 138-141, 1976.
114. BONELLI, J., WALDHAUSL, W., MAGOMETSCHNIGG, D., SCHWARZMEIER, J.,

KORN, A., AND HITZENBERGER, G.: Effect of exercise and of prolonged
oral administration of propranolol on haemodynamic variables, plasma
renin concentration, plasma aldosterone and c-AMP. Eur. J. Clin. Invest.

7: 337-343, 1977.

1 15. BONVALET, J. P., AND MENARD, J.: Influence of furosemide and d-l pro-

pranolol on glomerular filtration rate and renin secretion in the rat.

Pfl#{252}gersArch. Eur. J. Physiol. 346: 1�7-1 19, 1974.
1 iSa. BOOKER, H. E., GOODFRIEND, T. L., AND TEWKSBURY, D. A.: Plasma

renin concentration and phenobarbit.al levels in patients with epilepsy.
Clin. Pharmacol. Ther. 26: 715-716, 1979.

116. BORNER, V. H., FALKENHAGEN, D., ROHMANN, H., AND KRUGER, M.: Des
Verhalten der Plasma-Renin-Aktivitat, hamodynaxnischer Parameter
und der Clearancewerte unter dem Einfluss von Orciprenalin und Pro-

pranolol bei Patienten mit eingeschrankter Nierenfunktion. Z. Urol. 69:
877-884, 1976.

117. BOUCHER, R., MEDARD, J., AND GENEST, J.: A micromethod for measure-
ment of renin in the plasma and kidney of rats. Can. J. Physiol. Phar-
macol. 45: 881-890, 1967.

118. BOURA, A. L., AND GREEN, A. F.: Adrenergic neurone blocking agents.
Annu. Rev. Pharmacol. 5: 183-212, 1965.

1 19. BOURLAND, W. A., DAY, D. K., AND WILLIAMSON, H. E.: The role of the
kidney in the early non-diuretic action of furosemide to reduce elevated
atrial pressure in the hypervolemic dog. J. Pharmacol. Exp. Ther. 202:
221-229, 1977.

120. BOYD, G. W.: A protein-bound form of porcine renal renin. Circ. Res. 35:
426-438, 1974.

121. BOYD, G. W., ADAMSON, A. R, Frrz, A. E., AND PEART, W. S.: Radioim-

munoassay determination of plasma renin activity. Lancet 1: 213-218,
1969.

122. Bozovlc, L., AND CASTENFORS, J.: Effect of dihydralazine on plasma renin
activity and renal function during supine exercise in normal subjects.
Acts Physiol. Scand. 70: 281-289, 1967.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


206 KEETON AND CAMPBELL

123. Bozovic, L., AND CASTENFORS, J.: Effect of ganglionic blocking on plasma
remn activity in exercising and pain-stressed rats. Acta Physiol. Scand.

70: 290-292, 1967.
124. BOZ0VIc, L., AND CASTENFORS, J.: Effect of hydralazine and pentolinium

On renin release caused by bleeding in rats. Acts Med. Scand., suppl.
472, 224-230, 1967.

125. BOZOVIC, L, EFENDIC, S., AND ROSENQUIST, U.: The effect of ACTH on

plasma mmii activity (Abstract). Acts Endocrinol. 138: 123, 1969.
126. BRANDIS, M., KEYES, J., AND WINDHAGER, E. E.: Potassium-induced

inhibition ofproxinial tubular fluid reabsorption in rats. Amer. J. Physiol.

222: 421-427, 1972.
127. BEATER, D. C.: Effect on indomethacin on salt and water homeostasis in

man. Clin. Pharmacol. Ther. 25: 322-330, 1979.
128. BRAUN-MENENDEZ, E.: Pharmacology of renin and hypertension. Phar-

macol. Rev. 8: 25-55, 1956.
129. BRAUN-MENENDEZ, E., F�scIoLo, J. C., Lar.0IR, C. F., AND MUNOZ, J. M.:

The substance causing renal hypertension. J. Physiol. (London) 98: 283-
298, 1940.

130. BRAUN-MENENDEZ, E., AND PAGE, I. H.: Suggested revision of the nomen-
clature. Angiotenain. Science 127: 242, 1958.

131. BRAVERMAN, B., FREEMAN, R. H., AND ROSTORFER, H. H.: The influence
of dietsry sodium chloride on in vitro renin release from rat kidney. Proc.
Soc. Exp. Biol. Med. 138: 81-88, 1971.

132. BRAVO, E. L., KHOSLA, M. C., AND BUMPUS, F. M.: Comparative studies of
the humoral and arterial pressure responses to Sar’-AlaM- ,Sar’-ll?- and

Sar’-Thr’-angiotensin II in the trained, unanesthetized dog. Progr. Bio-
chem. Pharmacol. 12: 33-40, 1976.

133. BRAVO, E. L, TARAZI, R C., AND Du�w�, H. P.: On the mechanism of
suppressed plasma-renin activity during beta-adrenergic blockade with
propranolol. J. Lab. Chin. Med. 83: 119-128, 1974.

134. Bw’o, E. L, T�uuiI, R. C., AND DUsm.r�, H. P.: $-Adrenergic blockade in
diuretic-treated patients with essential hypertension. N. Engl. J. Med.
292: 66-70, 1975.

135. BRECHT, H. M., WERNER, E., AND SHOEPPE, W.: Increase of total body
potassium and decrease of exchangeable sodium after long-term treat-
ment with a bets-receptor blocking agent (pindolol) in essential hyper-
tension. Clin. Sci. Mol. Med. 51: 551s-554s, 1976.

136. BRENNAN, L A., HENNINGER, A. L, JOCHIM, K. E., AND MALVIN, R. L:
Relationship between carotid sinus pressure and plasma renin level.
Amer. J. Physiol. 227: 295-299, 1974.

137. BRENNAN, L A., MALVIN, R. L, JOCHIM, K. E., AND ROBERTS, D. E.:
Influence of right and left atrial receptors on plasma concentrations of

ADH and renin. Amer. J. Physiol. 221: 273-278, 1971.
138. BRENNER, B. M., TROY, J. L, AND DAUGHARTY, T. M.: The dynamics of

glomerular ultrafiltration in the rat. J. Clin. Invest. 50: 1776-1780, 1971.
139. BRINTON, G. S., JUBIZ, W., AND LAGERQUIST, L D.: Hypertension in

primary hyperparathyroidism: the role of the renin-angiotenain system.
J. Clin. Endocrinol. Metab. 41: 1025-1029, 1975.

140. BROD, J., HORBACH, L., JUST, H., ROSENTHAL, J., AND NICOLESCU, R.:
Acute effects of clonidine on central and peripheral hemodynamics and
plasma rernn activity. Eur. J. Clin. Pharmacol. 4: 107-114, 1972.

141. BROSNIHAN, K. B., AND Ba�vo, E. L: Graded reductions of atrial pressure
and renin release. Amer. J. Physiol. 235: H175-H181, 1978.

142. BROSNIHAN, K. B., AND TRAVIS, R. H.: Influence of the vagus and carotid

sinus nerves on plasma renin in the cat. J. Endocrinol. 71: 59-65, 1976.
143. BROWN, J. J., DAVIES, D. L., LEVER, A. F., AND ROBERTSON, J. I. S.:

Influence of sodium loading and sodium depletion on plasma renm in

man. Lancet 1: 278-279, 1963.
144. BROWN, J. J., DAVIES, D. L, LEVER, A. F., AND ROBERTSON, J. I. S.:

Influence of sodium deprivation and loading on plasma-renin in man. J.
Physiol. (London) 173: 408-419, 1964.

145. BROWN, J. J., DAVIES, D. L., LEVER, A. F., AND ROBERTSON, J. I. S.:
Variations in plasma renin concentration in several physiological and
pathological states. Can. Med. Ass. J. 90: 201-206, 1964.

146. BROWN, J. J., DAVIES, D. L, LEVER, A. F., *i�D ROBERTSON, J. I. S.:
Variations in plasma renin during the menstrual cycle. Brit. Med. J. 2:
1114-1115, 1964.

147. BROWN, J. J., DAVIES, D. L., LEVER, A. F., ROBERTSON, J. I. S., AND

VERNIORY, A.: The effect of acute haemorrhage in the dog and man on
plasma-renin concentration. J. Physiol. (London) 182: 649-663, 1966.

148. BROWN, T. C., DAVIES, J. 0., AND JOHNSTON, C. I.: Acute response in
plasma renin and aldosterone secretion to diuretics. Amer. J. Physiol.
211: 437-441, 1966.

149. BRUBACHER, E. S., AND VANDER, A. J.: Sodium deprivation and renin
secretion in unanesthetized dogs. Amer. J. Physiol. 214: 15-21, 1968.

150. BRUNNER, H. R., BAER, L, SEALEY, J. E., LEDINGHAM, J. G. G., AND

LARAGH, J. H.: The influence of potassium administration and of potss-
sium deprivation on plasma renin in normal and hypertensive subjects.

J. Clin. Invest. 49: 2128-2138, 1970.
151. BRUNNER, H. R., GAVRAS, H., LARAGH, J. H., AND KEENAN, R.: Angiotensin

Il-blockade in man by sar’-ala’ angiotensin II for understanding and
treatment of high blood pressure. Lancet 2: 1045-1048, 1973.

152. BRUNNER, H. R., GAVRAS, H., LARAGH, J. H., AND KEENAN, R.: Hyperten-
sion in man. Exposure of the renin and sodium components using

angiotensin II blockade. Circ. Res. 34/35: suppl. I, 35-43, 1974.

153. BRUNNER, H. R., GAVRAS, H., RIBEIRO, A. B., AND POSTERNAK, L: Anglo-
tensin II blockade in normal man and patients with essential hyperten-
sion. Progr. Biochem. Pharmacol. 12: 145-162, 1976.

154. BRUNNER, H. R., GAVRAS, H., TuasI, G. A., WAEBER, B., CHAPPUIS, P.,
AND MCKINSTRY, D. N.: Long-term treatment of hypertension in man
by an orally active angiotensin-converting enzyme inhibitor. Clin. Sci.
Mol. Med. 55: 293s-295S, 1978.

155. BRUNNER, H. R., SEALEY, J. E., AND LARAGH, J. H.: Renin subgroups in
essential hypertension. Further analysis of their pathophysiological and
epidemiological characteristics. Circ. Rea. 22/23: suppl. I, 99-109, 1973.

156. BRUNNER, H. R., WAUTERS, J.-P., MCKINSTRY, D., WAEBER, B., TURINI,

G., AND GAVRAS, H.: Inappropriate renin secretion unmasked by capto-
pril (SQ 14,225) in hypertension of chronic renal failure. Lancet 2: 704-
707, 1978.

157. BUHLER, F. R., BURKHART, F., LUTOLD, B. E., KUNG, M., MARBET, G., �D

PFISTERER, M.: Antthypertensive bets blocking action as related to ream
and age: A pharmacologic tool to identify pathogenetic mechanisms in
essential hypertension. Amer. J. Cardiol. 36: 653-669, 1975.

158. BUHLER, F. R., LARAGH, J. H., BAER, L, VAUGHN, E. D., JR., AND

BRUNNER, H. R.: Propranolol inhibition of renin secretion. A specific
approach to diagnosis and treatment of ream-dependent hypertensive
disease. N. Engl. J. Med. 287: 1209-1214, 1972.

159. BUHLER, F. R., LUTOLD, B. E., KUNG, M., �D Kou�ER, F. J.: Once daily
dosage bets-blockade: Antihypertensive efficacy of slow release oxpren-

olol as related to renin and age. Australia New Zealand J. Med. 6: suppL
3, 37-43, 1976.

160. BULL, M. B., HILLMAN, R S., CANNON, P. J., AND LARAGH, J. H.: Ream
and aldosterone secretion in man as influenced by changes in electrolyte
balance and blood volume. Circ. Rea. 27: 953-960, 1970.

161. BULL, M. B., AND LARAGH, J. H.: A potassium-sparing natriuretic agent.

Circulation 37: 45-53, 1968.
162. BUMPAS, F. M., SCHWARZ, H., AND PAGE, I. H.: Synthesis and pharmacology

of the octapeptide angiotensin. Science 125: 886-887, 1957.
163. BUNAG, R. D., PAGE, I. H., AND MCCUBBIN, J. W.: Influence of dietary

sodium on stimuli causing renin release. Amer. J. Physiol. 211: 1383-
1386, 1966.

164. BUNAG, R. D., PAGE, I. H., AND MCCUBBIN, J. W.: Neural stimulation of
release of rena. Circ. Res. 19: 851-858, 1966.

165. BUNAG, R. D., PAGE, I. H., AND McCUBBIN, J. W.: Inhibition of ream
release by vasopressin and angiotensin. Cardiovasc. Res. 1: 67-73, 1967.

166. BUNAG, R. B., PAGE, I. H., AND McCUBBIN, J. W.: Reduction of ream
release by puromycin. Cardiovasc. Res. 4: 213-216, 1970.

167. BURG, M., AND GREEN, N.: Effect of ethacrynic acid in the thick ascending
limb of Henle’s loop. Kidney mt. 4: 301-308, 1973.

168. BURG, M. B., AND Grtz�, N.: Function of the thick ascending limb of
Henle’s loop. Amer. J. Physiol. 224: 659-667, 1973.

169. BURG, M., STONER, L, CARDINAL, J., AND GREEN, N.: Furosemide effect
on isolated perfused tubules. Amer. J. Physiol. 225: 119-124, 1973.

170. BURGER, B. M., HOPKINS, T., TULLOCH, A., AND HOLLENBERG, N. K.: The
role of angiotensin in the canine renal vascular response to barbiturate

anesthesia. Circ. Ras. 38: 196-202, 1976.
171. BURGOIGNIE, J. J., CATANZARO, F. J., AND Pesuty, H. M., JR.: Ream-

angiotensin-aldosterone system during chronic thiazide therapy of benign

hypertension. Circulation 27: 27-35, 1968.
172. BURKART, F., BUHLER, F. R., PFISTERER, M., LUTOLD, B. E., AND KUNG,

M.: Haemodynamic responses to exercise and acute bets-receptor block-
ade in ream subtypes of essential hypertension. Clin. Sci. Mol. Med. 51:
493s-496s, 1976.

173. CAcCIAGUIDA, R. J., PABLO, N. C., B�sIuo, R. D., AND PORUSH, J. G.:
Antinatriuresis associated with propranolol administration in the dog.
Nephron 11: 58-64, 1973.

174. CAIN, J. P., Wn�u�ies, G. H., AND DLUHY, R. G.: Plasma renin activity and
aldosterone secretion in patients with acromegaly. J. Clin. Endocrinol.

Metab. 34: 73-Si, 1972.
175. CAIN, M. D., WALTERS, W. A., AND CATT, K. J.: Effects of oral contracep-

tives therapy on the renin-angiotensin system. J. Clin. Endocrinol. 33:

671-676, 1971.

175a. C�LDwELL, P. R B., SEEGAL, B. C., HSU, K. C., D�ts, M., AND SOFFER, R
C.: Angiotensin-coaverting enzyme: Vascular endotheial localization.
Science 191: 1050-1051, 1976.

176. CAMPBELL, W. B.: Rernn in the spontaneously hypertensive rat. Circ. Res.
35: 961-962, 1974.

177. CAMPBELL, W., BRooKs, S., AND PEYFINGER, W.: Angiotensin II and
aagiot.ensin III induced aldosterone release in vim in the rat. Science
184: 994-996, 1974.

178. CAMPBELL, W. B., GOMEZ-SANCHEZ, C. E., HOLLAND, 0. B., AND ADAMS,

B. V.: A radioimmunoassay for urinary PGE and PGF and their mea-

surement in normotensive and hypertenalve subjects. Submitted for
publication, 1981.

179. CAMPBELL, W. B., GOMEZ-SANCHEZ, C. E., SCHMITZ, J. M., ADAMS, B. V.,
AND ITSKOVITZ, H. D.: Attenuation of angiotensin II and III induced
aldnsterone release by prostsglandin synthesis inhibitors. J. Clin. Invest.
64: 1552-1557, 1979.

180. CAMPBELL, W. B., GRAHAM, R M., AND JACKSON, E. K.: Role of renal
prostaglandins in sympathetically mediated ream release in the rat. J.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 207

Chin. Invest. 64: 448-456, 1979.
180a. CAMPBELL, W. B., GRAHAM, R. M., AND JACKSON, E. K.: Indomethacin

inhibition of hydralazine-induced ream release in the rat. Arch. Int.
Pharmacodyn. Th#{233}r.,246: 315-323, 1980.

181. CAMPBELL, W. B., JACKSON, E. K., AND GRAHAM, R. M.: Saralasin-induced

renin release: Its blockade by prostaglandin synthesis inhibitors in the
conscious rat. Hypertension 1: 637-642, 1979.

182. CAMPBELL, W. B., JACKSON, E. K., GRAHAM, R. M., PETTINGER, W. A.,

AND LOISEL, D. P.: Effect of indomethacin in hydralizine-induced renin
and adrenal catecholamine release in conscious rabbits. Brit. J. Phar-

macol., 71: 529-531, 1980.
183. CAMPBELL, W. B., �iD Pm-FINGER, W. A.: Sodium chloride suppression of

renm release in the unanesthetized rat. Endocrinology 97: 1394-1397,
1975.

184. CAMPBELL, W. B., AND PEI-rINGER, W. A.: Organ specificity of angiotensin
II and des-aspartyl-angiotensin II in the conscious rat. J. Pharmacol.
Exp. Ther. 198: 450-456, 1976.

185. CAMPBELL, W. B., PEI-FINGER, W. A., KEETON, K., AND BROOKS, S. N.:
Vasodilating antihypertensive drug-induced aldosterone release-a study
of endogenous angiotensin-mediated aldosterone release in the rat. J.

Pharmacol. Exp. Ther. 193: 166-175, 1975.
186. CAMPBELL, W. B., AND SCHMITZ, J. M.: Effect of alterations in dietary

potassium on the preasor and steroidogenic effects of angiotensin II and

III. Endocrinology 103: 2098-2104, 1978.
187. CAMPBELL, W. B., AND ZIMMER, J.: Insulin-induced renin release: Blockade

by indomethacin in the rat. Chin. Sci 58: 415-418, 1980.

188. CAPPONI, A. M., GOURJON, M., AND VALLOTTON, M. B.: Effect of bets-
blocking agents and angiotensin II on isoproterenol-stimulated renin
release from rat kidney slices. Circ. Res. 40: suppl. I, 89-93, 1977.

189. CAPPONI, A. M., �sw VALLOVFON, M. B.: Renin release by rat kidney slices
incubated in vitro. Role of sodium and a- and fI-adrenergic receptors,
and effect of vincristine. Circ. Res. 39: 200-203, 1976.

190. CAREY, R. M., DOUGLAS, J. G., SCMWEIKERT, J. R., AND LIDDLE, G. W.:
The syndrome of essential hypertension and suppressed plasma renin
activity. Normalization of blood pressure with spironolactone. Arch.
Intern. Med. 130: 849-854, 1972.

190a. CAREY, R. M., THORNER, M. 0., AND ORrr, E. M.: Effects of metoclo-
pramide and bromocriptine on the renin-angiotensin-aldosterone system
in man. J. Clin. Invest. 63: 727-735, 1979.

191. CAREY, R. M., VAUGHAN, E. D., JR., ACKERLY, J. A., PEACH, M. J., AND

AYERS, C.: The immediate presser effect of saralasin in man. J. Clin.
Endocrinol. Metab. 46: 36-43, 1978.

191a. CAREY, R. M. VAUGHAN, E. 0., JR., PEACH, M. J., AND AYERS, C. R.:
Activity of [des-aspartyl]-angiotensin II and angiotensin II in man. J.
Clin. Invest. 61: 20-31, 1978.

192. CARLSON, E., DAHLOF, C.-G., HEDBERG, A., PERSSON, H., AND TANGS-

TRAND, B.: Differentiation of cardiac chronotropic and inotropic effects
of beta-adrenoceptor agonists. Naunyn-Schmiedeberg’s Arch. Pharma-

col. 300: 101-105, 1977.
193. CARLSON, L A., EKELUND, L G., AND ORo, L: Circulatory and respiratory

effects of different doses of prostaglandin E, in man. Acta Physiol. Scand.

75: 161-169, 1969.
194. CARR, A. A.: Effect of PGA, on ream and aldosterone in man. Prostsglan-

dins 3: 621-628, 1973.

195. CARRARA, M. C., AND BAINES, A. D.: Propranolol induces acute natriuresis
by bets-blockade and dopaminergic stimulation. Can. J. Physiol. Phar-
macol. 54: 683-691, 1976.

196. CARRETERO, 0., AND GRoss, F.: Ream substrate in plasma under various
experimental conditions in the rat. Amer. J. Physiol. 213: 695-700, 1967.

197. CARRETERO, 0. A., AND GULATI, 0. P.: Effects of angiotensin antagonists
in the rat with acute, subacute, and chronic two-kidney renal hyperten-

aba. J. Lab. Chin. Med. 91: 264-271, 1978.
198. C�iuuERE, S.: The effect of norepinephrine, isoproterenol and adrenergic

blockers upon the intrarenal distribution of blood flow. Can. J. Physiol.

Pharmacol. 47: 199-208, 1969.
199. CARVALHO, J. S., SAPIR0, R., HOPPER, P., AND PAGE, L. B.: Methods for

serial study of renm-angiotensin system in the unanesthetized rat. Amer.
J. Physiol. 228: 369-375, 1975.

200. C*.sE, D. B., Am4�s, A. S., LARAGH, J. H., SEALEY, J. E., SULLIVAN, P. A.,
AND MCKINSTRY, D. N.: Clinical experience with blockade of the ream-

angiotensin-aldoaterone system by an oral converting-enzyme inhibitor
(SQ 14,225, Captopril) in hypertensive patients. Progr. Cardiovasc. Rea.
21: 195-206, 1978.

201. CASE, D. B., WALLACE, J. M., KEIM, H. J., SEALEY, J. E., AND LARAGH, J.
H.: Usefulness and limitations of saralasin, a partial competitive agonist
of angiotensin II, for evaluation of the ream and sodium factors in
hypertensive patients. Amer. J. Med. 60: 825-836, 1976.

202. CAsE, D. B., WALLACE, J. M., KEus, H. J., WEBER, M. A., SEALEY, J. E.,
AND LARAGH, J. H.: Possible role of ream in hypertension as suggested
by renin-sodiurn profiling and inhibition of converting enzyme. N. EngI.
J. Med. 296: 641-646, 1977.

203. CArT, K. J., CAIN, M. D., AND MENARD, J.: Radiommunoassay studies of
the renin-angiotensin system in human hypertension and during estrogen
treatment. In Hypertension ‘72, ed. by J. Genest and E. Kiow, pp. 591-
604, Springer-Verlag, New York, 1972.

204. CHALMERS, J. P., HORVATH, J. S., KORNER, P. I., TILLER, D. J., BUNE, A.
J., ENGLAND, J. D., AND FLETCHER, P. J.: Quantitative effects of timolol
and hydrochlorothiazide on blood pressure, heart rate and plasma renin
activity: Results of a double-blind factorial trial in patients with essential
hypertension. Chin. Sci. Mol. Med. 51: 5l7s-519s, 1976.

205. CHALMERS, J., HORVATH, J., TILLER, D., AND BUNE, A.: Effects of timolol
and hydrochlorothiazide on blood-pressure and plasma-ream activity:
Double-blind factorial trial. Lancet 2: 328-331, 1976.

206. CHALMERS, J., TILLER, D., HORVATH, J., AND BUNE, A.: Effects of timolol
and hydrochiorothiazide on blood-pressure and plasma renin activity.
Lancet 2: 328-331, 1976.

207. CHANG, L C. T., SPLAWINSKI, S. A., OATES, J. A., AND NIES, A. S.:

Enhanced renal prostaglandin production in the dog. II. Effects of
intrarenal hemodynamics. Circ. Res. 36: 204-207, 1975.

208. CHANNICK, B. J., ADLIN, E. V., AND MARKS, A. D.: Suppressed plasma
ream activity in hypertension. Arch. Intern. Med. 123: 131-140, 1969.

209. CHEN, D.-S., AND POISNER, A. M.: Direct stimulation of renin release by
calcium. Proc. Soc. Exp. Biol. Med. 152: 565-567, 1976.

210. CHEVILLARD, C., PASQUIER, R., ALEXANDRE, J.-M., AND SCHMITr, H.:
Actions p#{233}riph#{233}riqu#{233}ser centrales d’agents alpha-sympathomimetiques

(clonidine et naphazoline) sur l’activit.d-renine plasmatique du rat. J.

Pharmacol. (Paris) 7: 457-467, 1976.
211. CHEVILLARD, C., PASQUIER, R., DUCHENE, N., AND ALEXANDRE, J.-M.:

Mechanism of inhibition of renin release by clonidine in rats. Eur. J.
Pharmacol. 48: 451-454, 1978.

212. CHOKSHI, D. S., YEH, B. K., AND SAMET, P.: Effects of dopamine and
isoproterenol on renin secretion in the dog. Proc. Soc. Exp. Biol. Med.
140: 54-57, 1972.

213. CHRISTY, N. P., AND SHAVER, J. C.: Estrogens and the kidney. Kidney Int.
6: 366-376, 1974.

213a. CHURCHILL, P. C.: Possible mechanism of the inhibitory effect of ouabain
On renin secretion from rat renal cortical slices. J. Physiol. (London) 294:
123 -134, 1979.

214. CHURCHILL, P. C., CHURCHILL, M. C., H05KINs, H. A., AND MCDONALD, F.
D.: Renin and distal tubule Na� during stop flow in dogs. Proc. Soc. Exp.
Biol. Med. 148: 734-738, 1975.

215. CHURCHILL, P. C., CHURCHILL, M. C., AND MCDONALD, F. D.: Ream release
in anesthetized rats. Kidney Int. 4: 273-279, 1973.

215a. CHURCHILL, P. C., CHURCHILL, M. C., AND MCDONALD, F. D.: Effects of
saline and mannitol on renin and distal tubule Na in rats. Circ. Res. 45:

786-792, 1979.
216. CHURCHILL, P. C., CHURCHILL, M. C., AND MCDONALD, F. D.: Renin

secretion and distal tubule Na� in rats. Amer. J. Physiol. 235: F61 1-
F616, 1978.

217. CHURCHILL, P. C., AND LYONS, H. J.: Effect of intrarenal arterial infusions

of magnesium on renin release in dogs. Proc. Soc. Exp. Biol. Med. 152:
6-10, 1976.

218. CHURCHILL, P. C., AND MCDONALD, F. D.: Effect of ouabain on renin
secretion in anesthesized dogs. J. Physiol. (London) 242:635-646, 1974.

218a. CHURCHILL, P. C., MCDONALD, F. D., AND CHURCHILL, M. C.: Phenytoin
stimulates renin secretion from rat kidney slices. J. Pharmacol. Exp.
Ther. 211: 615-619, 1979.

219. CLAMAGE, D. M., SANFORD, C. S., VANDER, A. J., *�D MOUW, D. R.:
Effects of psychosocial stimuli on plasma ream activity in rats. Amer. J.
Physiol. 231: 1290-1294, 1976.

220. CLAMAGE, D. M., VANDER, A. J., AND MOUW, D. R.: Psychosocial stimuli
and human plasma ream activity. Psychosom. Med. 39: 393-401, 1977.

221. CLAUS-WALKER, J., CARDUS, D., GRIFFITH, D., AND HALSTEAD, L S.:
Metabolic effects of sodium restriction and thiazides in tetraplegic pa-
tients. Paraplegia 15: 3-10, 1977-1978.

222. CLEMENT, D. L., PELLETIER, C. C., AND SHEPHERD, J. T.: Role of vagal
afferents in the control of renal sympathetic nerve activity in the rabbit.
Circ. Has. 31: 824-830, 1972.

223. CODY, R. J., JR., T�itszI, R. C., BRAvo, E. L, AND FOUAD, F. M.: Haemo-
dynamics of orally-active converting inhibitor (SQ 14,225) in hyperten-
sive patients. Clin. Sci. Mol. Med. 55: 452-459, 1978.

224. COHEN, E. L., ROVNER, D. R., AND CONN, J. W.: Postural augmentation of
plasma renin activity. J. Amer. Med. Ass. 197: 973-978, 1966.

225. COLLSTE, P., HAGLUND, K., FRISK-HOLMBERG, M., ORME, M. L E., Rew-
LIN5, M. D., AND OsTMAN, J.: Pharmacokinetics and pharmacodynamics

of alprenolol in the treatment of hypertension. II. Relationship to its
effect on blood pressure and plasma ream activity. Eur. J. Clin. Phar-
macol. 10: 89-95, 1976.

226. CONN, J. W., COHEN, E. L., AND ROVNER, D. R.: Suppression of plasma
ream activity in primary aldosteronism. J. Amer. Med. Ass. 190: 213-
221, 1964.

227. CONN, J. W., ROVNER, D. R., AND COHEN, E. L.: Suppression of plasma
ream activity in primary aldosteronism. J. Amer. Med. Ass. 190: 213-
221, 1964.

228. CONNORS, M. H., Lax, T. C., AND SHEIKHOLISLAM, B. M.: Plasma renin
activity and aldosterone response to furosemide after chronic growth
hormone administration to deficient subjects. Life Sd. 20: 535-540, 1977.

229. CONSTANTINE, J. W., AND MCSHANE, W. K.: Analysis of the cardiovascular
effects of 2-(2,6-dichlorphenylamino)-2-lialdazoline hydrochloride (Ca-
tspres). Eur. J. Pharmacol. 4: 109-123, 1968.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


208 KEETON AND CAMPBELL

230. COOKE, C. R., BROWN, T. C., ZACHERLE, B. J., AND WALKER, W. G.: Effect
of altered sodium concentration in the distal nephron segments on renin
release. J. Clin. Invest. 49: 1630-1638, 1970.

231. C00TE, J. H., JOHNS, E. J., MACLEOD, V. H., AND SINGER, B.: Effect of
renal nerve stimulation, renal blood flow, and adrenergic blockade on
plasma ream activity in the cat. J. Physiol. (London) 226: 15-36, 1972.

232. CORREALE, P.: Azione dell’enteramina (5-idrossitriptsmina) sulla pressione
sistemica e sull’emostasi nel ratto. Arch. Int. Pharmacodyn. Th#{233}r.97:
106-114, 1954.

233. C0RSINI, W. A., AND BAILIE, M. D.: Mechanisms regulating ream release
in dogs during furosemide administration (Abstract). In Proceedings of
the Sixth Annual Meeting of the American Society for Nephrology, p.
25, Washington, D. C., 1973.

234. C0R5INI, W. A., CROSSLAN, K. L, AND BAILIE, M. D.: Renin secretion by
rat kidney slices in vitro. Proc. Soc. Exp. Biol. Med. 145: 403-406, 1974.

235. C0RsINI, W. A., HooK, J. B., AND BAILIE, M. D.,: Control of ream secretion
in the dog. Effects of furosemide on the vascular and macula densa
receptors. Circ. Re8 37: 464-470, 1975.

236. CORVOL, P., OBLIN, M. E., DEGOULET, P., FRESSINAUD, P., AND MENARD,

J.: Effect of acute potassium loading on plasma ream and on urinary
a!dosterone in rats. Endocrinology 100: 1008-1013, 1977.

237. COWLEY, A. W., AND GUYTON, A. C.: Quantification of intermediate steps
in the ream angiotensin-vasoconstrictor feed-back loop in the dog. Circ.

Res. 30:557-566, 1972.

238. CRANE, M. G., AND HARRIS, J. J.: Plasma renin activity and aldosterone
excretion rate in normal subjects. I. Effect of ethinyl estradiol and
medroxyprogesterone acetate. J. Clin. Endocrinol. 29: 550-557, 1969.

239. CRANE, M. G., AND HARRIS, J. J.: Plasma ream activity and aldosterone
excretion rate in normal subjects. II. Effect of oral contraceptive agents.
J. Clin. Endocrinol. 29: 558-562, 1969.

240. CRANE, M. G., AND HARRIS, J. J.: Estrogens and hypertension: Effect of
discontinuing estrogens on blood pressure, exchangeable sodium and the

renin-angiotensin system. Amer. J. Med. Sci. 276: 33-55, 1978.
241. CRANE, M. G., HEITSCH, J., HARRIS, J. J., AND JOHNS, V. J., JR.: Effect of

ethinyl estradiol (Estinyl) on plasma ream activity. J. Clin. Endocrinol.
26: 1403-1406, 1966.

242. CRAYTON, S., KEETON, T. K., AND PEi-rINGER, W. A.: Clonidine suppression
of ream release in the conscious dog (Abstract). Pharmacologist 18: 138,
1976.

243. CROSLEY, A. P., ROWE, G. G., AND CRUMPTON, C. W.: The hemodynamic
and metabolic response of the human hypertensive kidney to a standard

dose of l-hydrazinophthalazine (hydralazine) J. Lab. Clin. Med. 44: 104-
109, 1954.

244. CUNNINGHAM, S. G., FEIGL, E. 0., AND SCHER, A. M.: Carotid sinus reflex
influence on plasma ream activity. Amer. J. Physiol. 234: H670-H678,
1978.

245. CZYZEWSKI, L B., AND PETTINGER, W. A.: Failure of feedback suppression

of renin release in the spontaneously hypertensive rat. Amer. J. Physiol.
225: 234-239, 1973.

246. DATA, J. L., GERBER, J. G., CRUMP, W. J., FROLICH, J. C., HOLLIFIELD, J.
W., AND NIna, A. S.: The prostaglandin system: A role in canine baro-
receptor control of remn release. Circ. Res. 42: 454-458, 1978.

247. DATA, J. L, RANK, A., GERKENS, J., WILKINSON, G. R., NILe, A. S., AND

BRANCH, R. A.: The influence of indomethacin on the pharmacokinetics,
diuretic response, and hemodynamics of furosemide in the dog. J. Phar-
macol. Exp. Ther. 206: 431-438, 1978.

248. D’AURIAC, G. A., BAUDOUIN, M. AND MEYER, P.: Mechanism of action of
angiotensin in smooth muscle cell. Circ. Res. 30/31: suppl. II, 151-157,
1972.

249. DAVIES, R., FORSLING, M. L, AND SLATER, J. D. H.: The interrelationship
between the release of reals and vasopressin as defined by orthostasis
and propranolol. J. Clin. Invest. 60: 1438-1441, 1977.

250. DAVIES, R., PAYNE, N. N., AND SLATER, J. D. H.: Bets-adrenergic blockade
and diuretic therapy in benign essential hypertension: A dynamic assess-
meat. Amer. J. Cardiol. 37: 637 -641, 1976.

251. DAVIES, R., St�itR, J. D. H., FORSLING, M. L, AND PAYNE, N.: The
response of arginine vasopressin and plasma renin to postural change in

normal man, with observations on syncope. Clin. Sci. Mol. Med. 51: 267-
274, 1976.

252. DAVIS, R., SLATER, J. D. H., RUDOLF, M., AND GEDDES, D. M.: The effect
of isoprenaline on plasma ream activity in man: A dose-response curve.

Clin. Endocrinol. 6: 395-399, 1977.
253. DAVIES, R., WIGGINS, R., SLATER, J. D. H., AND GEDDES, D.: Nature of the

adrenoceptor that mediates renin release in man. Cardiovasc. Med. 3:

571-575, 1978.
254. DAVIS, J. M., AND FANN, W. E.: Lithium. Annu. Rev. Pharmacol. 11: 285-

302, 1971.

255. DAVIS, J. 0., BINNION, P. F., BROWN, T. C., �D JOHNSTON, C. I.: Mecha-
nism involved in the hypersecretion of aldosterone during sodium deple-
tion. Circ. Res. 18: 143-157, 1966.

256. DAVIs, J. 0., AND FREEMAN, R. H.: Mechanism regulating ream release.
Physiol. Rev. 56: 1-56, 1976.

257. DAVIS, J. 0., FREEMAN, R. H., JOHNSON, J. A., AND SPEILMAN, W. S.:
Agents which block the action of the renin-angiotensin system. Circ. Res.
34: 279-285, 1974.

258. DAY, M. D., ROACH, A. G., AND WHITING, R. L: The mechanism of the
antihypertensive action of alpha-methyl DOPA in hypertensive rats.
Eur. J. Pharmacol. 21: 271-280, 1973.

259. DEANE, N., MUENTHONGCHIN, R., AND JACOB, G. B.: Anomalous ream
secretory response to hypotension induced by arfonad in hypertensive

man (Abstract). In Fourth International Congress of Nephrologists, p.
125, Stockholm, 1969.

260. DEBERMUDEZ, L., AND HAYSLE�-F, J. P.: Effect of methylprednisolone on
renal function and the zonal distribution of blood flow in the rat. Circ.
Res. 31: 44-52, 1972.

261. DECHAMPLAIN, J., GENEST, J., VEYRAT, R., AND BOUCHER, R.: Factors
controlling ream release in man. Arch. Intern. Med. 117: 355-363, 1966.

262. DEJONG, W.: Release of ream by rat kidney slices: Relationship to plasma

ream after desoxycorticosterone and renal hypertension. Proc. Soc. Exp.
Biol. Med. 130: 85-88, 1969.

263. DEJONG, W.: Release of rena by rat kidney slices in vitro: Selective
inhibition by angiotensin II (Abstract). In Fourth International Congress
of Nephrologists, p. 138, Stockholm, 1969.

264. DEJONG, W., LOVENBERG, W., AND SJOERDSMA, A.: Increased plasma ream
activity in spontaneously hypertensive rat. Proc. Soc. Exp. Biol. Med.

139: 1213-1216, 1972.
265. DEMER5, R. G., HENDLER, R., ALLEN, R. P., AND BOYD, J.: Edema and

increased plasma ream activity in lithium treated patients. Behav. Neu-

ropsychiat. 3: 20-24, 1972.
266. DE MUYLDER, C. G.: The “Neurility” of the Kidney, a Monograph on

Nerve Supply to the Kidney. Charles C Thomas Publ., Springfield, Ill.,
1952.

267. DERKX, F. H. M., VERHOEVEN, R. P., WENTING, G. J., MAN INT’T VELD, A.
J., AND SCHALEKAMP, M. A. D. H.: Renal release of active and inactive
renin in essential and renovascular hypertension. Clin. Sci. Mol. Med.
55: 129s-132s, 1978.

268. DERKX, F. H. M., VON GooL, J. M. G., WENTING, G. J., VERHOEVEN, R. P.,
MAN IN�T Vsa�o, A. J., AND SCHALEKAMP, M. A. D. H.: Inactive ream
in human plasma, Lancet 2: 496-499, 1976.

269. DERKX, F. H. M., WENTING, G. J., MAN Iler’T VELD, A. J., VAN GooL, J.
M. G., VERHOEVEN, R. P., AND SCHALEKAMP, M. A. D. H.: Inactive ream
in human plasma. Lancet 2: 496-499, 1976.

270. DERKX, F. H. M., WENTING, G. J., MANN I�’T VELD, A. J., VERHOEVEN,

R. P., AND SCHALEKAMP, M. A. D. H.: Control of eazymatically inactive
renin in man under various pathological condition: Implications for the
interpretation of ream measurements in peripheral and renal venous
plasma. Clin. Sci. Mol. Med. 54: 529-538, 1978.

271. DESANARCLENS, C. F., PRICAM, C. E., B�secw�HI, F. D., AND VALLOi-FON,

M. B.: Ream synthesis, storage and release in the rat: A morphological
and biochemical study. Kidney Int. 11: 161-169, 1977.

272. DESAULLES, E., FoiuiR, C., VELLY, J., AND ScHWARTZ, J.: Effect of
catecholamines on ream release in vitro. Biomedicine 23: 433-438, 1975.

273. DESAULLES, E., MIESCH, F., AND SCHWARTZ, J.: Evidence for the partici-
pation of beta,-adrenoceptors in isoprenaline-induced ream release from
rat kidney slices in vitro. Brit. J. PharmacoL 63: 421-425, 1978.

273a. DESAULLES, E., AND SCHWARTZ, J.: A comparative study of the action of
frusemide and methclothiazide on ream release by rat kidney slices and

the interaction with indomethacin. Brit. J. Pharmacol. 65: 193-196, 1979.
274. DETH, R. C.: Effect of lanthanum and reduced temperature on 45Ca efflux

from rabbit aorta. Amer. J. Physiol. 234: C139-145, 1978.
275. DEUBEN, R. R., �i�D BUCKLEY, J. P.: Identification of a central site of

action of angiotensin II. J. Pharmacol. Rip. Ther. 175: 139-146, 1970.
276. DEVrro, E., GORDON, S. B., CABRERA, R R, AND F*scIoi�o, J. C.: Renin

release by rat kidney slices. Amer. J. Physiol. 219: 1036-1041, 1970.
277. DE WARDENER, H. E., Mni.s, I. H., CLAPHAM, W. P., �r�D HAYTER, C. J.:

Studies on the afferent mechanism of the sodium diuresis which follows
the administration of intravenous saline in the dog. Clin. Sci. 21: 249-
2�8, 1961.

278. DE WURSTEMBERGER, B., AND GYSLING, E.: Effects of long-term adminis-

tration of clonidine on plasma ream activity. Can. Med. Ass. J. 115:
1107-1108, 1976.

279. DIEUTSCH, S.: Anesthetic effects on the kidney. Kidney 4: 1-6, 1973.
280. DiKsHrr, J., VYDEN, J. K., Foiutasrax, J. 5., CHAI-rERGEE, K., PRAKA5H,

R, AND Sw�, H. J. C.: Renal and extrarenal hemodynamic effects of
furosemide in congestive heart failure after acute myocardial infarction.
N. Engl. J. Med. 288: 1087-1090, 1973.

281. Dutas, J. J., CIRKSWA, W. J., AND BERLINER, R W.: The effect of saline
infusion on sodium reabsorption by the proximal tubule of the dog. J.

Clin. Invest. 44: 1160-1170, 1965.

282. DLUHY, R. G., GREENFIELD, M., AND WILLIAMS, G. H.: Effect of simulta-
neous potassium and saline loading on plasma aldosterone levels. J. Clin.
Eadocrinol. Metsb. 45: 141-146, 1977.

283. DLUHY, R. G., UNDERWOOD, R. H., AND Wn.us�s, G. H.: Influence of
dietary potassium on plasma renin activity in normal man. J. Appl.
Physiol. 28: 299-302, 1970.

284. DLUHY, R G., Wou’, G. L, �D LAULER, D. P.: Vasodilator properties of
ethacrynic acid in the perfused dog kidney. Clin. Sci. 38: 347-357, 1970.

285. DOLLERY, C. T., BATEMAN, D. N., AND DEAN, C. R.: The use of bets-
adrenergic blocking agents in combination with other antihypertensive
drugs. In Bets-adrenergic Blockade: A New Era in Cardiovascular Med-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 209

icine, ed. by E. Braunwald, pp. 239-251, Excepts Medica/Elsevier, New

York, 1978.
286. DONKER, A. J. M., ARISZ, L, BRF,�NTJENS, J. R. H., VAN DER HEM, G. K.,

AND HOLLEMANS, H. J. G.: The effect ofindomethacin on kidney function
and plasma renin activity in man. Nephron 17: 288-296, 1976.

287. DONKER, A. J. M., DE JONG, P. E., STATIUS VAN Eps, L. W., BRENTJENS,

J. R. H., BAKKER, K., AND DOORENBOS, H.: Indomethacin in Bartter’s
syndrome. Does the syndrome represent a state of hyperprostaglandin-

ism? Nephron 19: 200-213, 1977.
288. DONTAS, A. S., AND NICKERSON, M.: Central and peripheral components of

the action of “ganglionic” blocking agents. J. Pharmacol. Exp. Ther. 120:
147-159, 1957.

289. DOWLUT, M., TUCK, M. L, BARRETT, J. D., EGGENA, P., AND SAMBHI, M.
P.: Suppressed renin response in one-kidney patients with essential

hypertension (Abstract). Fed. Proc. 33: 360, 1974.
290. DOXEY, J. C., SMITH, C. F. C., AND WALKER, J. M.: Selectivity of blocking

agents for pre- and postsynaptic a-adrenoceptors. Brit. J. Pharmacol. 60:
91-96, 1977.

291. DoYLE, A. E., AND JERUMS, G.: Sodium balance, plasma ream, and aldos-
terone in hypertension. Circ. Res. 26/27: suppl. II, 267-275, 1970.

292. DRAYER, J. I. M., KLOPPENBORG, P. W. C., AND BENRAAD, T. J.: Detection
of low-ream hypertension: Evaluation of out-patient ream-stimulating
methods. Clin. Sci. Mol. Med. 48: 91-96, 1975.

293. DRAYER, J. I. M., WEBER, M. A., Amss, S. A., AND LARAGH, J. H.:
Phentolamine testing for alpha-adrenergic participation in hypertensive
patients: Independence from ream profiles. Clin. Pharmacol. Ther. 22:
286-292, 1977.

294. DUCHIN, K. L, PETERSON, L N., AND BURKE, T. J.: Effect of furosemide
on renal autoregulation. Kidney mt. 12: 379-386, 1977.

295. DUNIHUE, F. W., BLOOMFIELD, M., AND MACHANIC, B.: Effect of mineral-
ocorticoid and of adrenocorticotrophin on the granularity of juxtsglo-
merular cells. Endocrinology 72: 963-966, 1963.

296. DUNIHUE, F. W., BLOOMFIELD, M., AND ROBERTSON, W. VAN B.: Effect of
reserpine and catecholamines on juxtaglomerular cells in rats fed normal
and low sodium diets. Endocrinology 69: 934-938, 1961.

297. EATON, D. L, AND POISNER, A. M.: Plasma pseudorenin in rats after
alteration in the renin-angiotensin system. Proc. Soc. Exp. Biol. Med.

154: 6-8, 1977.

298. ECCLESTON, D., ACHCROFT, G. W., CRAWFORD, T. B. B., STANTON, J. B.,
WARD, D., AND MCTURK, P. H.: Effect of tryptophan administration on
5-HIAA in cerebrospinal fluid in man. J. Neurol. Neurosurg. Psychiat.

33: 269-272, 1970.
299. EDWARDS, C. R W., MIALL, P. A., HANKER, J. P., THORNER, M. D., Ai�-

DUJAILI, E. A. S., AND BESSER, G. M.: Inhibition of the plasma-aldos-
terone response to furosemide by bromocriptine. Lancet 2: 903-904,

1975.

300. EGGENA, P. J., BARREI�F, D., SAMBHI, M. P., AND WIEDEMAN, C. E.: The
influence of prostsglandins A2 and E2 on the kinetics of the renin reaction
in the presence of normal and hypertensive plasma. Biochem. Med. 14:
290-296, 1975.

301. EIDE, I., LOYNING, E., AND KIlL, F.: Evidence for hemodynamic autoregu-
lation of renin release. Circ. Res. 32: 237-245, 1973.

302. EIDE, E., LOYNING, E., AND KIlL, F.: Potentiation of renin release by
combined renal arterial constriction and bets-adrenergic stimulation.
Scand. J. Clin. Lab. Invest. 34: 301-310, 1974.

303. EIDE, I., LOYNING, E., LANGARD, 0., AND KIlL, F� Influence of ethacrynic
acid on intrarenal renin release mechanisms. Kidney Int. 8: 158-165,
1975.

304. EIDE, I., LOYNING, E., LANGARD, 0., AND KIlL, F.: Mechanism of renin
release during acute ureteral constriction in dogs. Circ. Res. 40: 293-299,
1977.

305. EISMAN, M. M., AND ROWELL, L B.: Renal vascular response to heat stress

in baboons-role of renin-angiotensin. J. Appl. Physiol. 43: 739-746,
1977.

306. EPSTEIN, M. T., ESPINER, E. A., DONALD, R. A., AND HUGHES, H.: Liquorice
toxicity in the renin-angiotensin-aldosterone axis in man. Brit. Med. J.
1: 209-210, 1977.

307. EPSTEIN, M. T., ESPINER, E. S., DONALD, R. A., AND HUGHES, H.: Effect
of eating liquorice on the renin-angiotensin aldosterone axis in normal
subjects. Brit. Med. J. 1: 488-490, 1977.

308. EPSTEIN, S., AND HAMILTON, S.: Cyproheptsdine inhibition of stimulated

plasma ream activity. J. Clin. Endocrinol. Metsb. 45: 1235-1237, 1977.
309. EPSTEIN, S., ROITH, L R., AND RABKIN, R.: The effect of different prepa-

rations of human growth hormone on plasma renin activity in normal
males. J. Chin. Endocrinol. Metab. 42: 390-392, 1976.

310. EPSTEIN, S., SAGEL, J., BRODOVCKY, H., TUFF, S., AND EALES, L: Absence
of an acute effect of calcium and parathyroid hormone administration on

plasma ream activity in man. Clin. Sci. Mol. Med. 50: 79-81, 1976.
311. ERBLER, H. C., AND HILFENHAUS, M.: Acute and chronic effects of the

aldosterone antagonist spironolactone and its main metabolite canrenone

on plasma aldosterone concentration, plasma ream activity, serum elec-

trolytes and on the excretion of aldosterone, fluid and electrolyte in rats
(Abstract). Naunyn-Schmiedeberg’s Arch. Pharmacol. 287: suppl., 1152,
1975.

312. ERBLER, H. C., WERNZE, H., AND HILFENHAUS, M.: Effect of the aldoster-

one antagonist canrenone on plasma aldosterone concentration and

plasma rena activity, and on the excretion ofaldosterone and electrolytes

by man. Eur. J. Chin. Pharmacol. 9: 253-257, 1976.

313. ERDOS, E. G.: Angiotensin I converting enzyme. Circ. Res. 36: 247-255,

1975.

314. ERIKSSON, L., AND FYHRQUIST, F.: Plasma renin activity following central
infusion of angiotensin II and altered CSF sodium concentration in the
conscious goat. Acts Physiol. Scand. 98: 209-216, 1976.

315. ESCH, V. I., PLACHETA, P., AND GAUL, G.: Unterschiedliche Wirkung
diuretischer Langzeitbehandlung auf die Plasmareninaktivitst bei essen-

tieller Hypertonie. Wien. Klin. Wochenschr. 88: 415-418, 1976.

316. ESLER, M., JULIUS, S., ZWEIFLER, A., RANDALL, 0., HARBURG, E., GARDI-

NER, H., AND DEQUAI-FRO, V.: Mild high-renin essential hypertension.
Neurogenic human hypertension. N. Engl. J. Med. 296: 405-411, 1977.

317. ESLER, M. D., AND NESTEL, P. J.: Evaluation of practolol in hypertension.
Effects on sympathetic nervous system and ream responsiveness. Brit.
Heart J. 35: 469-474, 1973.

318. ESLER, M. D., AND NESTEL, P. J.: Renin and sympathetic nervous system

responsiveness to adrenergic stimuli in isolated hypertension. Amer. J.
Cardiol. 32: 643-649, 1973.

318a. ETTIENNE, E. M., AND FRAY, J. C. S.: Influence of potassium, sodium,
calcium, perfussion pressure, and isoprenaline on ream release induced
by high concentration of magnesium. J. Physiol. (London) 292: 373-380,
1979.

319. FAGARD, R., AMERY, A., DEPLAEN, J. F., LIJNEN, P., AND MISSOTrEN, A.:
Plasma renin concentration and the hypotensive effect of bendrofluazide
and of atenolol. Clin. Sci. Mol. Med. 51: 215s-217s, 1976.

320. FAGARD, 11., AMERY, A., REYBROUCK, T., LIJNEN, P., AND BILLIET, L.:
Effects of labetalol on systemic and pulmonary haemodynamics at rest

and during exercise in hypertensive patients. Clin. Sci. Mol. Med. 55:
279s-281s, 1978.

321. FAGARD, R., AMERY, A., REYBROUCK, T., LIJNEN, P., BILLIET, L., BORAERT,

M., MOERMAN, E., AND DESCHAEPDRYVER, A.: Effects of angiotensin
antagonism at rest and during exercise in sodium-depleted man. J. Appl.
Physiol. 45: 403-407, 1978.

322. FAGARD, 11., AMERY, A., REYBROUCK, T., LIJNEN, P., MOERMAN, E.,
BOGAERT, M., AND DESCHAEPDRYVER, A.: Effects of angiotensin antsg-
onism on hemodynamica, ream and catecholamines during exercise. J.
Appl. Physiol. 43: 440-444, 1977.

323. FAscIoLo, J. C., DEVITO, E., NOLLY, H., AND STANELONI, R. J.: The
mechanism of ream release in adrenalectomized dogs and the renin
releasing activity of several substances. In Proceedings of the Sixth Pan-
American Congress of Endocrinologists Excerpta Med. mt. Congr. Ser.
112: 277-283, 1965.

324. FEIGEN, L. P., KLAINER, E., CHAPNICK, B. M., AND KADOWITZ, P. J.: The
effect of indomethacin on renal function in pentobarbitol anesthetized
dog. J. Pharmacol. Exp. Ther. 198: 457-463, 1976.

325. FERGUSON, 11. K., TUREK, D. M., AND ROVNER, D. R.: Spironolactone and
hydrochlorothiazide in normal-ream and low-renin hypertension. Clin.
Pharmacol. Ther. 21: 62-69, 1977.

326. FERGUSON, R. K., TURINI, G. A., BRUNNER, H. R., GAVRAS, H., AND

MCKINSTRY, D. N.: A specific orally active inhibitor of angiotensin-
converting enzyme in man. Lancet 1: 775-778, 1977.

327. FERNANDES, M., ONESTI, G., FIORENTINI, R., GOULD, A. B., KIM, K. E.,
AND SWARTZ, C.: Effect of propranolol on blood pressure and renin in
renal hypertension in the rat. Clin. Sci. Mol. Med. 52: 107-109, 1977.

328. FERNANDES, M. ONESTI, G., FIORENTINI, R., KIM, K. E., AND SWARTZ, C.:
Effect of chronic administration of propranolol on the blood pressure and

heart weight in experimental renal hypertension. Life Sci. 18: 967-970,
1976.

329. FERNANDEZ-CRUZ, A., JR., NOTH, R. H., HELDER, R. G., AND MULROW, P.
J.: Glucagon stimulation of plasma renin activity in humans. J. Clin.
Endocrinol. Metsb. 41: 183-184, 1975.

330. FERRARI, M.: Effects of digoxin and digoxin plus furosemide on plasma
ream activity of hypertensive patients. Circ. Res. 44: 295, 1979.

331. FERREIRA, S. H., AND VANE, J. R.: Half-lives of peptides and amines in the
circulation. Nature (London) 215: 1237-1240, 1967.

331a. FEUERSTEIN, G., AND FEUERSTEIN, N.: The effect of indomethacin on
isoprenaline-induced renin secretion in the cat. Eur. J. Pharmacol. 61:
85-88, 1980.

332. FICHMAN, M., AND HORTON, R.: Significance of the effects of prostaglandins
on renal and adrenal function in man. Prostaglandins 3: 629-646, 1973.

333. FICHMAN, M. P., LII-FENBURG, G., BROOKER, G., AND HORTON, R.: Effect
of Prostaglandin A, on renal and adrenal function in man. Circ. Res. 30:
suppl. II, 19-35, 1972.

334. FICHMAN, M. P., MICHELAKIS, A. M., AND HORTON, R.: Regulation of
aldosterone in the syndrome of inappropriate antidiuretic hormone se-

cretion (SIADH). J. Clin. Endocrinol. Metab. 39: 136-144, 1974.
335. FICHMAN, M. P., TELFER, N., ZIA, P., SPECKART, P., GOLUB, M., AND

RUDE, 11.: Role of prostaglandins in the pathogenesis of Bartter’s syn-
drome. Amer. J. Med. 60: 785-797, 1976.

336. FINCH, L., AND HAEUSLER, G.: Further evidence for a central hypotensive
action of alpha-methyldopa in both the rat and cat. Brit. J. Pharmacol.
47: 217-228, 1973.

337. FINLAY, G. D., WHITSEI-r, T. L, CUCINELL, E. A., AND GOLDBERG, L I.:

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


210 KEETON AND CAMPBELL

Augmentation of sodium and potassium excretion, glomerular filtration

rate and renal plasma flow by levodopa. N. Engl. J. Med. 284: 865-870,
1971.

338. FINN, W. F., AND ARENDSHORST, W. J.: Effect of prostsglandin synthetase
inhibitors on renal blood flow in the rat. Amer. J. Physiol. 231: 1541-
1545, 1976.

339. FISHMAN, M. C.: Membrane potential of juxtaglomerular cells. Nature
(London) 260: 542-544, 1976.

340. FLAMENBAUM, W., KLEINMAN, J. G., MCNEIL, J. S., HAMBURGER, R. J.,
AND KOTCHEN, T. A.: Effect of KC1 infusion on renin secretory rates and
aldosterone excretion in dogs. Amer. J. Physiol. 229: 370-375, 1975.

341. FLOWER, 11. J.: Drugs which inhibit prostsglandin biosynthesis. Pharmacol.

Rev. 26: 33-76, 1974.
342. FLUCKINGER, V. E., SCHALCH, W., AND TAESCHLER, M.: Des neue Salure-

ticum Brinaldix (DT-327). Schweiz. Med. Wochenschr. 35: 1232-1237,

1963.
343. FOLKOW, B., AND NEIL, E.: Circulation, p. 48, Oxford University Press, New

York, 1971.

344. FORGACS, I., DE CHATEL, R., AND GAAL, K.: Renal function in sodium
depleted dogs. Acts Physiol. Sci. Hung. 39: 31-40, 1971.

345. FORMAN, B. H., AND MULROW, P. J.: Suppression of plasma renin activity
by propranolol: Correlation with plasma propranolol levels. Proc. Soc.
Exp. Biol. Med. 146: 530-533, 1974.

346. F0RMAN, B. H., AND MULROW, P. J.: Effect ofpropranolol on blood pressure
and plasma ream activity in the spontaneously hypertensive rat. Circ.
Res. 35: 215-221, 1974.

347. FOURNIER, A., HARDIN, J. M., ALEXANDRE, J. M., LOMBAERT, M., RoNco,
G., BEZOC, J. F., DESMET, G., QUICHAUD, J.: Anti-hypertensive effect of
acebutolol: Its relation to sympathetic nervous system responsiveness
and to plasma renin and dopamine-fl-hydroxylase activities. Chin. Sci.
Mol. Med. 51: 477s-480s, 1976.

348. FRANKEL, R. J., REID, I. A., AND GANONG, W. F.: Role of central and
peripheral mechanisms in the action of alpha-methyldopa on blood

pressure and renin secretion. J. Pharmacol. Exp. Ther. 201: 400-405,
1977.

349. FRASER, R., JAMES, V. H. T., BROWN, J. J., IS�c, P., LEVER, A. F., AND

ROBERTSON, J. I. S.: Effect of angiotensin and of furosemide on plasma
aldosterone, corticosterone, cortisol and renin in man. Lancet 2: 989-991,
1965.

350. FRAY, J. C. S.: Stretch receptor model for renin release with evidence from
perfused rat kidney. Amer. J. Physiol. 231: 936-944, 1976.

351. FRAY, J. C. S.: Stimulation of renin release in perfused kidney by low
calcium and high magnesium. Amer. J. Physiol. 232: F377-F382, 1977.

352. FRAY, J. C. S., AND MAYER, P. V. H.: Decreased plasma renin activity and
renin release in rats with pheochromocytoma. Clin. Sci. Mol. Med. 53:
447-452, 1977.

352a. FRAY, J. C. S., AND PARK, S. C.: Influence of potassium, sodium, perfusion

pressure, and isoprenaline on renin secretion induced by acute calcium
deprivation. J. Physiol. (London) 292: 363-372, 1979.

353. FRAY, J. C. S., SIWEK, L G., STRULL, W. M., STELLER, R. N., AND WILsoN,

J. M.: Influence of dietary sodium on renin activity and arterial pressure
during anesthesia. Amer. J. Physiol. 231: 1185-1190, 1976.

354. FREDERIKSEN, 0., LEYSSAC, P. P., AND SKINNER, S. L: Sensitive osmom-

eter function ofjuxtaglomerular cells in vitro. J. Physiol. (London) 252:
669-679, 1975.

355. FREDHOLM, B. B., AND HED�vIar, P.: Release of (3H)-purines from (3H)-
adenine labelled rabbit kidney following sympathetic nerve stimulation,
and its inhibition by a-adrenoceptor blockade. Brit. J. Pharmacol. 64:

239-245, 1978.
356. FREEDMAN, P., MOULTON, R., AND SPENCER, A. G.: The effect of intrave-

nous calcium gluconate on the renal excretion of water and electrolytes.

Clin. Sci. 17: 247-263, 1958.
357. FREEMAN, 11. H., DAVIS, J. 0., GOTSHALL, 11. W., JOHNSON, J. A., AND

SPIELMAN, W. S.: The signal perceived by the macula densa during
changes in renin release. Circ. Res. 35: 307-315, 1974.

358. FREEMAN, R. H., DAvis, J. 0., JOHNSON, J. A., SPIELMAN, W. S., AND

ZATZMAN, M. L.: Arterial pressure regulation during hemorrhage: Ho-
meoststic role of angiotensin H. Proc. Soc. Exp. Biol. Med. 149: 19-22,
1975.

359. FREEMAN, 11. H., DAVIS, J. 0., AND LOHMEIER, T. E.: Des-1-Asp-angioten-
sin II. Possible intrarenal role in homeostasis in the dog. Circ. Res. 37:
30-34, 1975.

360. FREEMAN, R. H., DAVIS, J. 0., SPIELMAN, W. S., AND LOHMEIER, T. E.:
High-output heart failure in the dog: Systemic and intrarenal role of
angiotensin II. Amer. J. Physiol. 229: 474-478, 1975.

361. FREEMAN, R. H., DAVIS, J. 0., VARSANO-AHARON, N., ULICK, S., AND

WEINBERGER, M. H.: Control of aldosterone secretion in the sponts-
neously hypertensive rat. Circ. Res. 37: 66-71, 1975.

362. FREEMAN, 11. H., DAVIS, J. 0., WATKINS, B. E., AND LOHMEIER, T. E.:
Mechanisms involved in two-kidney renal hypertension induced by con-
striction of one renal artery. Circ. Res. 40: suppl I, 29-35, 1977.

363. FRISINA, N., COSTA, G., BUEMI, M., TROVATO, A., CIRA0W, 0., NIcITA-

MAURO, V.: Effect of prostsglandin A, on rena secretion in the dog. Il
Farmaco 33: 629-633, 1978.

364. FROLICH, J. C., HOLLIFIELD, J. W., Doiueois, J. C., FORLICH, B. L.,

SEYBERTH, H., MICHELAKIS, A. M., AND OATES, J. A.: Suppression of
plasma renin activity by indomethacin in man. Circ. Res. 39: 447-452,

1976.

36,5. FROLICH, J. C., HOLLIFIELD, J. �., MICHELAKIS, A. M., VESPER, B. S.,
WILSON, J. P., SHAND, D. G., SEYBERTH, H. G., FROLICH, W. H., AND

OATES, J. A.: Reduction of plasma renin activity by inhibition of the
fatty acid cyclooxygenase in human subjects: Independence of sodium

retention. Circ. Res. 44: 781-787, 1979.
365a. FROLICH, J. C., SWEETMAN, B. J., CARR, K., HOLLIFIELD, J. W., AND

OATES, J. A.: Assessment of the levels of PGA2 in human plasma by gas
chromatography-mass spectrometry. Prostaglandins 10: 185-195, 1975.

366. FYRRQUIST, F., KURPPA, K., AND HUUSKONEN, M.: Plasma ream activity,
blood pressure and sodium excretion during treatment with clonidine.

Acts Med. Scand. 197: 457-461, 1975.
367. FYHEQUIST, F., KURPPA, K., HUUSKONEN, M., AND KOISTINEN, A.: Blood

pressure and renin during treatment with pindolol. Acts Med. Scand.

202: 55-60, 1977.

368. GAsi, K., SIxioS, J., MOZES, T., AND TOTH, G. F.: Effect of papaverine on
ream release in dogs in vim and in vitro. Acts Physiol. Acad. Sci. Hung.

51: 305-314, 1978.
369. GAILLARD, 11. C., MERKELBACH, U., RIONDEL, A. M., VALLOTTON, M. B.,

AND MULLER, A. F.: Effect on plasma aldosterone, renin activity, and
cortisol of acute volume depletion induced by ethacrynic acid under
constant infusion of angiotensin II and dexamethasone in man. Eur. J.

Cbsi. Invest. 6: 51-57, 1976.
370. GALLA, J. H., KOTCHEN, T. A., AND LUKE, R. G.: Failure of sodium iodide

loading to inhibit renin in the rat. Proc. Soc. Exp. Biol. Med. 154: 30-32,
1977.

371. GALvEZ, 0. G., BAY, W. H., ROBERTS, B. W., AND FEiuus, T. F.: The
hemodynamic effects of potassium deficiency in the dog. Circ. Res. 40:
Suppl I, 11-16, 1977.

372. GANONG, W. F.: Effects of sympathetic stimulation and ACTH on ream
and aldosterone secretion. In Hypertension ‘72, ed. by J. Genest and E.
Koiw, pp. 4-14, Springer-Verlag, New York, 1972.

373. GANONG, W. F.: Sympathetic effect on renin secretion: Mechanism and
physiological role. In Control of Ream Secretion, ed. by T. A. Assaykeen,
pp. 17-32, Plenum Press, New York, 1972.

374. GANONG, W. F., HENDERSON, I. W., OTSUKA, K., ASSAYKEEN, T. A.,
SHACKELFORD, 11., AND BORYCZKA, A. T.: Role of growth hormone in
the regulation of adrenocortical responsiveness and aldosterone secretion
in the dog (Abstract). Endocrinology 94: A239, 1974.

374a. GANTEN, D., FUXE, K., PHILLIPS, M. I., MANN, J. F. E., AND GANTEN, V.:
The brain isorenin-angiotensin system: Biochemistry, localization and
possible role in drinking and blood pressure regulation. In Frontiers in
Neuroendocrinology, ed. by W. F. Ganong and L Martini, pp. 61-99,
Raven Press, New York, 1978.

374b. GANONG, W. F., RUDOLPH, C. D., AND ZIMMERMAN, H.: Neuroendocrine
components in the regulation of blood pressure and renin secretion.
Hypertension 1: 207-218, 1979.

375. GAUER, 0. H., AND HENRY, J. P.: Circulatory basis of fluid volume control.
Annu. Rev. Physiol. 43: 423-481, 1964.

376. GAVRAS, H., BRUNNER, H. R., LARAGH, J. H., SEALEY, J. E., GAVRAS, I.,
AND VUKOVICH, 11. A.: An angiotenain converting-enzyme inhibitor to

identify and treat vasoconstrictor and volume factors in hypertensive
patients. N. Engl. J. Med. 291: 817-821, 1974.

377. GAVRAS, H., BRUNNER, H. R., LARAGH, J. H., VAUGHN, E. D., JR., KoSs,
M., COTE, L. J., AND GAVRAS, I.: Malignant hypertension resulting from
deoxycorticosterone acetate and salt excess. Role of renin and sodium in
vascular changes. Circ. Res. 36: 300409, 1975.

378. GAVRAS, H., BRUNNER, H. It, TuiuNI, G. A., KERSHAW, G. R, TIFF-F, C.
P., CU’I-rELOD, S., GAVRAS, I., VUKOVIcH, R. A., AND MCKINSTRY, D. N.:
Antihypertensive effect of the oral angiotension converting-enzyme in-
hibitor SQ 14,225 in man. New Engl. J. Med. 298: 991-995, 1978.

379. GAVRAS, H., GAVRAS, I., BRUNNER, H. R., AND LARAGH, J. H.: Effect of a
new bets-adrenergic blocker, L-Bunolol, on blood pressure and on the

renin-aldosterone system. J. Chin. Pharmacol. 17: 350-357, 1977.
380. GAvRAS, H., GAVRAS, I., BRUNNER, H. R., AND LARAGH, J. H.: The

antihypertensive action of methyldopa in relation to its effect on the

renin-aldosterone system. J. Cliii. Pharmacol. 17: 372-378, 1977.

381. GAVRAS, H., GAVRAS, I., TEXTOR, S., VOLICER, L BRUNNER, H. R., AND

RUCINSKA, E. J.: Effect of angiotensin converting enzyme inhibition on

blood pressure, plasma ream activity and plasma aldosterone in essential
hypertension. J. Clin. Endocrinol. Metsb. 46: 220-226, 1978.

382. GEELHOED, G. W., AND VANDER, A. J.: The role of aldosterone in renin
secretion. Life Sci. 6: 525-535, 1967.

383. GERBER, J. G., BRANCH, R. A., NIES, A. S., GERKENS, J. F., SHAND, D. G.,
HOLLIFIELD, J., AND OATES, J. A.: Prostaglandins and ream release. II.
Assessment of renin secretion following infusions of PGI2, E2, and D2 into
the renal artery of anesthetized dogs. Prostaglandins 15: 81-88, 1978.

384. GEYSKES, G. G., BOER, P., V0S, J., LEENEN, F. H. H., AND MESs, E. J. D.:
Effect of salt depletion and propranolol on blood pressure and plasma

ream activity in various forms of hypertension. Circ. Res. 36/37: suppl.
I. 248-256, 1975.

385. GILL, J. R., FROLICH, J. C., BOWDEN, R. E., TAYLOR, A. A., KEISER, H. 11.,
SEYBERTH, J. W., OATES, J. A., AND BANi-rax, F. C.: Bartter’s syndrome:

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 211

A disorder characterized by high urinary prostaglandins and a depen-
dence of hyperreninemia on prostaglandin synthesis. Amer. J. Med. 61:
43-51, 1976.

386. GILMORE, E., WElL, J., AND CHID5EY, C.: Treatment of essential hyperten-
sion with a new vasodilator in combination with bets-adrenergic block-
ade. N. Engl. J. Med. 282: 521-527, 1970.

387. GILMORE, J. P.: Pentobarbitsl sodium anesthesia in the dog. Amer. J.
Physiol. 209: 404-408, 1965.

388. GLEes, K. H., GRAM, N., BONNER, G., MANN, J. F. E., HELBER, A., AND

GANTEN, D.: Pharmacokinetics and pharmacodynamic studies of infusion
with (Sar1-Val5, Ala5) angiotensin II (saralasin). Klin. Wochenschr., suppl
I, 97-105, 1978.

389. GOCKE, D. J., GERTEN, J., SHERWOOD, L M., AND LARAGH, J. H.: Physio-
logical and pathological variations of plasma angiotensin II in man. Circ.
Res. 24/25: suppl I, 131-146, 1969.

390. GOETZ, K. L, BOND, G. C., AND SMITH, W. E.: Effect of moderate hemor-
rhage in humans on plasma ADH and renin. Proc. Soc. Exp. Biol. Med.
145: 277-280, 1974.

391. GOLDBERG, M.: The renal physiology of diuretics. In Handbook of Physi-
ology. Section 8: Renal Physiology, ed. by J. Orloift and R. W. Berliner,
pp. 1003-1031, Williams & Wilkins, Baltimore, 1973.

392. GOLDBLATT, H., LYNCH, J., HANZAL, R. F., AND SUMMERVILLE, W.: Studies
on experimental hypertension. 1. The production of persistent elevation
of systolic pressure by means of renal ischemia. J. Exp. Med. 59: 347-
379, 1934.

393. GOLUB, M. S., SPECKART, P. 11., ZIA, P. K., AND HORTON, R.: Effect of
Prostaglandin A on renin and aldosterone in man. Circ. Res. 39: 574-
579, 1976.

394. GOMEZ-PAN, A., SNOW, M. H., PIERCY, D. A., ROBSON, V., WILKINSON, R.,
HALL, 11., AND EVERED, D. C.: Actions of growth hormone-release
inhibiting hormone (somatoststin) on the renin aldosterone system. J.
Clin. Endocrinol. Metsb. 43: 240-243, 1976.

395. GOMEZ-SANCHEZ, C., HOLLAND, 0. B., HALL, C. E., AND AYACHI, S.: On the
mineralocorticoid and hypertensogenic properties of 16-beta-hydroxy-
dehydroepiandrosterone. Experientia (Basal) 32: 1067-1069, 1976.

396. GOODFRIEND, T. L, FYHRQUIST, F., GUTMAN, F., KNYCH, E., HOLLEMANS,

H., ALLMANN, D., KENT, K., AND COOPER, T.: Clinical and conceptual
uses of angiotensin receptors. In Hypertension ‘72, ed. by J. Genest and
E. Koiw, pp. 549-562, Springer-Verlag, New York, 1972.

397. GOODWIN, F. J., KIRSHMAN, J. S., SEALEY, J. E., AND LARAGH, J. H.:
Influence of the pituitary gland on sodium conservation, plasma renin
and ream substrate concentrations in the rat. Endocrinology 86: 824-
834, 1970.

398. GOODWIN, F. J., KNOWLTON, A. I., AND LARAGH, J. H.: Absence of renin
suppression by deoxycorticosterone in rats. Amer. J. Physiol. 216: 1476-
1480, 1970.

399. GOODWIN, F. J., LEDINGHAM, J. G. G., AND LARAGH, J. H.: The effects of
prolonged administration of vasopresain and oxytocin on renin, aldoster-

one and sodium balance in normal man. Clin. Sci. 39:641-651, 1970.
400. GOORMAGHTIGH, N.: Facts in favor of an endocrine function of the renal

arterioles. J. Pathol. 57: 392-393, 1945.
401. GORDON, D. B., AND SULLIVAN, P. H.: Acute effect of over transfusion on

plasma renin activity in the rat. Endocrinology 85: 341-343, 1969.
402. GORDON, R. D., KUCHEL, 0., LIDDLE, G. W., AND ISLAND, D. P.: Role of

the sympathetic nervous system in regulating renin and aldosterone
production in man. J. Clin. Invest. 46: 599-605, 1967.

403. GORDON, R. D., MORTIMER, 11. H., AND SAAR, N.: Failure of methycloth-
iazide to lower home blood pressure level in “essential” hypertensive and
normotensive young men, despite significant plasma volume contraction.

Eur. J. Clin. Pharmacol. 12: 403-408, 1977.
404. GOSSAIN, V. V., WERK, E. E., SHOLITON, L J., SRIVATAVA, L, AND

KNOWLES, H. C., JR.: Plasma renin activity in juvenile diabetes mellitus

and effect of diazoxide. Diabetes 24: 833-835, 1975.

405. GOTSHALL, R. W., DAVIS, J. 0., BLAINE, E. H., MUSACCHIA, B., BRAVER-

MAN, 11., FREEMAN, R., AND JOHNSON, J. A.: Increased ream release
during renal arterial dilatstion in dogs. Amer. J. Physiol. 227: 251-255,
1974.

406. GOTSHALL, R. W., DAVIS, J. 0., SHADE, R. E., SPIELMAN, W., JOHNSON, J.
A., AND BRAVERMAN, B.: Effects of renal denervation on renin release in
sodium-depleted dogs. Amer. J. Physiol. 225: 344-349, 1973.

407. GOTFLIEB, T. B., K�, F. H., AND CHIDSEY, C. A.: Combined therapy with
vasodilator drugs and beta-adrenergic blockade in hypertension. A com-
parative study of minoxidil and hydralazine. Circulation 45: 571-582,
1972.

408. GRAHAM, R M., MUIR, M. R, AND HAYES, J. M.: Differing effects of the
vasodilator drugs, prazosin and diazoxide, on plasma ream activity in the
dog. Clin. Exp. Pharmacol. Physiol. 3: 173-177, 1976.

409. GRAHAM, R M., OATES, H. F., STOKER, L M., AND STOKES, G. S.: Alpha
blocking action of the antihypertensive agent, prazosin. J. Pharmacol.
Exp. Ther. 201: 747-752, 1977.

410. GRAHAM, 11. M., OATES, H. F., WEBER, M. A., AND STOKES, G. S.: Sup-
pression of renin release by timolol. Arch. mt. Pharmacodyn. Th#{233}r.219:
205-210, 1976.

411. GRAHAM, R. M., AND PETTINGER, W. A.: Effects of prazosin and phentol-
amine on arterial pressure, heart rate, and renin activity: Evidence in

the conscious rat for the functional significance of the presynaptic alpha-
receptor. J. Cardiovasc. Pharmacol. 1: 497-502, 1979.

412. GRAHAM, R. M., STEPHENSON, W. H., AND Pm-FINGER, W. A.: Pharmaco-
logical evidence for a functional role of the pre-synaptic alpha-adreno-
receptor in noradrenergic neurotransmission in the conscious rat. Nau-

nyn-Schmiedeberg’s Arch. Pharmacol. 311: 129-138, 1980.
413. GREENE, L J., CAMARGO, A. C. M., KRIEGER, E. M., STEWART, J. M., AND

FERREIRA, S.H.: Inhibition of the conversion of angiotensin I to II and
potentiation ofbradykinin by small peptides present in Bothropsjararaca
venom. Circ. Res. 30/31: suppl. II, 62-71, 1972.

414. GREVEN, J.: Evidence for redistribution of filtrate among nephrons after
beta-adrenergic stimulation and blockade. Naunyn-Schmiedeberg’s

Arch. Pharmacol. 282: 171-180, 1974.

415. Deleted in proof.
416. GRoSS, F., BRUNNER, H., AND ZIEGLER, M.: Renin-angiotensin system,

aldosterQne, and sodium balance. Recent Progr. Hormone Res. 21: 119-

177, 1965.

417. GRoss, F., DAUDA, G., KAZDA, S., KYNCL, J., MOHRING, J., AND ORTH, H.:
Increased fluid turnover and the activity of the renin-angiotensin system
under various experimental conditions. Circ. Res. 30/31: suppl II, 173-

181, 1972.

418. GUILLEMIN, R., AND GERICH, J.: Somatoststin: Physiologic and clinical
significance. Annu. Rev. Med. 27: 379-388, 1976.

419. GULLNER, H.-G., CAMPBELL, W. B., AND PEi-FINGER, W. A.: Effects of
substance P on ream release and renal function in anesthetized dogs.
Life Sci. 24: 237-246, 1979.

420. GUSSIN, R. Z.: Potassium-sparing diuretics. J. Clin. Pharmacol. 17: 651-
662, 1977.

421. GUTMAN, F. D., TAGAWA, H., HABER, E., AND BANGER, A. C.: Renal arterial
pressure, renin secretion and blood pressure control in trained dogs.
Amer. J. Physiol. 224: 66-72, 1973.

422. GUTMAN, Y., AND BENZAKEIN, F.: Effect of an increase and a lack of
antidiuretic hormone on plasma ream activity in the rat. Life Sci. 10:
1081-1085, 1971.

423. GUTMAN, Y., AND BENZAKEIN, F.: Effect ofphenformin and chlorpropamide
on renin activity in the rat. Experientia (Basal) 27: 1313-1314, 1971.

424. GUTMAN, Y., AND BENZAKEIN, F.: Antidiuretic hormone and ream in rats
with diabetes insipidus. Eur. J. Pharmacol. 28: 114-118, 1974.

425. GUTMAN, Y., BENZAKEIN, F., AND LIVEH, P.: Polydipsia induced by iso-
prenaline and by lithium: relation to kidneys and ream. Eur. J. Phar-
macol. 16: 380-384, 1971.

426. GUTMAN, Y., AND KRAUSZ, M.: Drinking induced by dextran and histamine:
Relation to kidneys and renin. Eur. J. Pharmacol. 23: 256-263, 1973.

427. GUTMAN, Y., TAMIR, N., AND BENZAKEIN, F.: Effect of lithium on plasma
renin activity. Eur. J. Pharmacol. 24: 347-351, 1973.

428. GYSLING, E., AND DE WURSTEMB5RGER, B.: Effects d’une medication
combin#{233}ed’hydrochlorothiazide et d’oxprenolol sur la tension arterielle
et l’activit#{233}de renine plasmatique. Schweiz. Med. Wochenschr. 104:
1797-1798, 1974.

429. HABER, E., LOERNER, D., PAGE, L. B., KLIMAN, B., AND PURNODE, A.:
Application of a radioimmunoassay for angiotensin I to the physiologic

measurements of plasma renin activity in normal human subjects. J.
Clin. Endocrinol. 29: 1329-1355, 1969.

430. HACKENTHAL, E., SCHWERTSCHLAG, U., AND HACKENTHAL, R.: The influ-
ence of vinblastine and colchicine on renin secretion in vivo and in vitro.
Klin. Wochenschr. 56: suppl. I, 61-66, 1978.

431. HADDY, F. J., AND SCOTT, J. B.: Bioassay and other evidence for partici-
pation of chemical factors in local regulation of blood flow. Circ. Res.
28/29: suppl I, 86-92, 1971.

432. HAEUSLER, G.: Cardiovascular regulatibn by central adrenergic mecha-
nisms and its alteration by hypotensive drugs. Circ. Res. 36/37: suppl I,
223-232, 1975.

433. HAEUSLER, G.: Studies on the possible contribution of a peripheral presyn-
aptic action of clonidine and dopamine to their vascular effects under in
vivo conditions. Naunyn-Schmiedeberg’s Arch. Pharmacol. 295: 191-

202, 1976.

434. HALL, J. E., AND GUYTON, A. C.: Changes in renal hemodynamics and renin
release caused by increased plasma oncotic pressure. Amer. J. Physiol.
231: 1550-1556, 1976.

435. HALL, J. E., GUYTON, A. C., JACKSON, T. E., COLEMAN, T. G., LOHMEIER,

T. E., AND TRIPPODO, N. C.: Control ofglomerular filtration rate by renin
angiotensin system. Amer. J. Physiol. 233: F366-F372, 1977.

436. HALUSHKA, P. V., AND KEISER, H. 11.: Acute effects of alpha-methyldopa
on mean blood pressure and plasma ream activity. Circ. Res. 35: 458-
463, 1974.

437. HALUSHKA, P. V., WOHLTMANN, H., PRIVITERA, P. V., HURWITZ G., AND

MARGOLIUS, H. S.: Bartter’s syndrome: urinary prostsglandin E-like
material and kallikrein; indomethacin effects. Ann. Intern. Med. 87:281-
286, 1977.

438. HAMET, P., LOWDER, S. C., HARDEMAN, J. G., AND LIDDLE, G. W.: Effect
of hypoglycemia on extracellular leveis of cyclic AMP in man. Metsbo-

lism 24: 1139-1144, 1975.

439. HAMMERSEN, G., KARSUNKY, K-P., FISCHINGER, J., ROSENTHAL, J., AND

TAUGNER, R.: Einflus der Natriumkonzentration auf die Reninabgabe
aus Nierenrindenschnitten und isolierten Glomerula. Pfl#{252}gers Arch. Eur.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


212 KEETON AND CAMPBELL

J. Physiol. 328: 344-355, 1971.

440. HANSON, 11. C., DAVIS, J. 0., AND FREEMAN, R. H.: Effects of propranolol
on ream release during chronic thoracic caval constriction or acute renal

artery stenosis in dogs. Proc. Soc. Exp. Biol. Med. 152: 224-228, 1976.

441. HANSSON, B.-G., DYMLING, J.-F., HEDELAND, H., AND HULTHEN, U. L:
Long term treatment of moderate hypertension with the beta-receptor

blocking agent metoprolol. I. Effect on maximal working capacity, plasma
catecholamines and renin, urinary aldosterone, blood pressure and pulse
rate under basal conditions. Eur. J. Clin. Pharmacol. 11: 239-245, 1977.

442. HANSSON, B.-G., AND HOKFELT, B.: Long term treatment of moderate
hypertension with penbutolol (Hoe 893d). I. Effects on blood pressure,

pulse rate, catecholamines in blood and urine, plasma renin activity and
urinary aldosterone under basal conditions and following exercise. Eur.

J. Clin. Pharmacol. 9: 9-19, 1975.
443- HANSSON, B.-G., AND HOKFELT, B.: Effect of beta,-receptor blockade

(metoprolol, Seloken#{174}) on blood pressure, pulse rate, plasma catechol-

amines, renin activity and urinary aldosterone. Acts Med. Scand., suppl.
602: 94-96, 1977.

443a. HARADA, E., LEsrax, G. E., AND RUBIN, R. P.: Stimulation of renin
secretion from the intact kidney and from isolated glomeruli by the
calcium ionophore A23187. Biochim. Biophys. Acts 583: 20-27, 1979.

444. HARADA, E., AND RUBIN, R. P.: Stimulation of ream secretion and calcium
efflux from the isOlated perfused cat kidney by noradrenaline after
prolonged calcium deprivation. J. Physiol. (London) 274: 367-379, 1978.

445. HARRIS, D. N., HERAN, C. L., GOLDENBERG, H. J., HIGH, J. P., LAFFAN, R.
J. RUBIN, B., ACTONACCIO, M. J., AND GOLDBERG, M. E.: Effects of SQ
14,225 on orally active inhibitor of angiotension converting enzyme on

blood pressure, heart rate and plasma renin activity of conscious nor-
motensive dogs. Eur. J. Pharmacol. 51: 345-349, 1978.

446. HARRIS, R. C., AND AYERS, C. R.: Renal hemodynamics and plasma renin
activity after renal artery constriction in conscious dogs. Circ. Res. 31:

520-530, 1972.

447. HARTROFT, P.: Juxtaglomerular cells. Circ. Res. 12: 525-534, 1963.
448. HARTROFF, P.: Histological and functional aspects ofjuxtaglomerular cells.

In Angiotensin Systems and Experimental Renal Diseases, ed. by J.

Metcoff, pp. 5-16, Little, Brown and Co., Boston, 1963.
449. HARTROrr, P. T., AND HARTROFT, W. S.: Studies on renal juxtaglomerular

cells I. Variations produced by sodium chloride and desoxycorticosterone
acetste. J. Exp. Med. 97: 415-427, 1953.

450. HARTROFT, P., AND NEWMARK, L N.: Electron microscopy of renal juxta-
glomerular cells. Anat. Rec. 139: 185-199, 1961.

451. HASATANI, K., MORIMOTO, S., AND TAKEDA, R.: Suppressed plasma remn
activity in adrenal regeneration hypertension. Endocrinology 96: 1300-
1303, 1975.

452. HAUGER-KLEVENE, J. H.: ACTH, cyclic AMP, dexamethasone and acti-
nomycin D effect on renin release. Acts Physiol. Latinoamer. 20: 373-

381, 1970.

453. HAUGER-KLEVENE, J. H.: The effect of growth hormone on renin produc-
tion and release by rat kidney slices. Acts Physiol. Latinoamer. 26: 82-
84, 1976.

454. HAUGER-KLEVENE, J. H., BARONTINI DE G. MOYANO, M. B., AND NABIA,

G.: Plasma renin activity and catecholamines in acromegaly (Abstract).
Clin. Res. 20: 865, 1972.

455. HAUGER-KLEVENE, J. H., AND BROWN, H.: Effect of pentolinium on ACTH
stimulation of ream release. Endocrinology 87: 430-431, 1970.

456. HAUGER-KLEVENE, J. H., BROWN, H., AND FLEISCHER, N.: ACTH stimu-
lation and glucocorticoid inhibition of renin release in the rat. Proc. Soc.

Rip. BioL Med. 131: 539-542. 1969.
457. HAUGER-KLEVENE, J. H., AND COLE, V. M.: ACTH stimulation of renin

and aldosterone secretion in chromophobe adenoma (Abstract). Clin.
Res. 15: 31, 1967.

458. HAYNES, F. W., FORSHAM, P. H., AND HUME, D. M.: Effects of ACTH,
cortisone, desoxycorticosterone, and epinephrine on the plasma hyper-
tensinogen and renin concentration of dogs. Amer. J. Physiol. 172: 265-
275, 1953.

459. HAYNES, J. M., GRAHAM, R. M., O’CONNELL, B. P., MUIR, M. R., SPEERS,

E., AND HUMPHREY, T. J.: Experience with prazosin in the treatment of
patients with severe hypertension. Med. J. Australia 1: 562-564, 1976.

460. HEBERT, L A., AND ARBUS, G. S.: Renal subcapsular pressure-a new
intrarenal pressure measurement. Amer. J. Physiol. 220: 1129-1136,
1971.

461. HEDELAND, H., DYMLING, J. F., AND HOKFELT, B.: The effect of insulin
induced hypoglycemia on plasma ream activity and urinary catechol-
amines before and following clonidine (Catapresan) in man. Acts Endo-
crinol. 71: 321-330, 1972.

462. HEDQVIST, P., AND FREDHOLM, B. B.: Effects of adenosine on adrenergic
neurotransmission; pre-junctional inhibition and post-junctional en-
hancement. Naunyn-Schmiedeberg’s Arch. Pharmacol. 293: 217-223,
1976.

463. HEDQVIST, P., FREDHOLM, B. B., AND OLUNDH, S.: Antagonistic effects of

theophylline and adenosine on adrenergic neuroeffector transmission in
the rabbit kidney. Circ. Res. 43: 592-598, 1978.

464. HEIDLAND, A., AND HENNEMANN, H.: Aktivierung des sympathicoadrena-
len Systems nach Diuretica-Beziehungen rum saliduretischen Effect und
Glomerulfiltrat. KIm. Wochenschr. 47: 518-524, 1969.

465. HELMER, 0. M., AND GRIFFITH, 11. S.: Biological activity of steroids as

determined by assay of ream-substrate (hypertensinogen). Endocrinol-
ogy 49: 154-161, 1951.

466. HELMER, 0. M., AND GRIFFITH, 11. S.: The effect of the administration of

estrogen on the renin substrate (hypertensinogen) content of rat plasma.

Endocrinology 51: 421-426. 1951.
467. HELMER, 0. M., AND JUDSON, W. E.: Influence of high renin substrate

levels on renin-angiotensin system in pregnancy. Amer. J. Obstet. Gy-

necol. 99: 9-17, 1967.

468. HENDERSON, I., AND BALMENT, 11. J.: Renal responses to the hypophysec-

tomized rat to infusion of bovine growth hormone (Abstract). J. Endo-
crinol. 67: 60P, 1975.

469. HENDERSON, I. W., BALMENT, R. J., AND OLIVER, J. A.: Vasopressin effects
on plasma ream activity in male and female rats. Clin. Sci. Mil. Med. 55:
301-307, 1978.

470. HENNEMANN, P. H., FORBES, A. P., MOLDAWER, M., DEMPSEY, E. F., AND

CARROLL, E. L: Effects of human growth hormone in man. J. Clin.
Invest. 39: 1223-1238, 1960.

471. HENNING, M., AND VAN ZWIETEN, P. A.: Central hypotensive effect of
alpha-methyldopa. J. Pharm. Pharmacol. 20: 407-419, 1968.

472. HENRICH, W. L, AnDERSON, 11. J., BERNS, A. S., MCDONALD, K. M.,
PAULSEN, P. J., BERL, T., AND SCHRIER, R. W.: The role of renal nerves
and prostaglandins in control of renal hemodynamics and plasma renin
activity during hypotensive hemorrhage in the dog. J. Clin. Invest. 61:

744-750, 1978.
473. HENRICH, W. L, KATZ, R. H., MOLINOFF, P. B., AND SCHRIER, 11. W.:

Competitive effects of hypokalemia and volume depletion on plasma

renin activity, aldosterone, and catecholamine concentrations in hemo-
dialysis patients. Kidney Int. 12: 279-284, 1977.

474. HENRY, D. P., Aol, W., AND WEINBERGER, M. H.: The effects of dopamine
on ream release in vitro. Endocrinology 101: 279-283, 1977.

475. HERBACZYNSKA-CEDRO, K., AND VANE, J. R.: Contribution of intrarenal
generation of prostaglandin to autoregulation of renal blood flow in the
dog. Circ. Res. 33: 428-436, 1973.

476. HERTrING, G., AXELROD, J., AND PATRICK, 11. W.: Actions of bretylium and
guanethidine on the uptake and release of 3H-noradrenaline. Brit. J.
Pharmacol. 18: 161-166, 1962.

477. HESSE, B., AND NIELSEN, I.: Unimpeded plasma renin increase after intra-
venous furosemide during saline replacement. Scand. J. Clin. Lab. Invest.
36: 23-28, 1976.

478. HESSE, B., AND NIELSEN, I.: Suppression of plasma ream activity by
intravenous infusion of antidiuretic hormone in man. Clin. Sci. Mol.
Med. 52: 357-360, 1977.

479. HES8E, B., NIELSEN, I., AND HANSEN, J. F.: The effect of reduction in blood
volume on plasma ream activity in man. Clin. Sci. Mol. Med. 49: 515-
517, 1975.

480. HE5SE, B., NIELSEN, I., AND LUND-JACOBSEN, H.: The early effects of
intravenous furosemide on central hemodynamics, venous tone and

plasma ream activity. Clin. Sci. Mol. Med. 49: 551-555, 1975.
481. HESSE, B., NIELSEN, I., RING-LARSEN, H., AND HANSEN, J. F.: The influ-

ence of acute blood volume changes on plasma ream activity in man.
Scand. J. Clin. Lab. Invest. 38: 155-161, 1978.

482. HIMATHONGKAM, T., DLUHY, 11. G., AND WILLIAMS, G. H.: Potassium-
aldosterone-renin interrelationships. J. Clin. Endocrinol. Metab. 41: 153-
159, 1975.

482a. HIM0RI, N., HAYAKAWA, S., AND ISHIOMRI, T.: Role of f�-1 and fl-2
adrenoceptors in isoproterenol-induced ream release in conscious dogs.

Life Sci. 24: 1953-1958, 1979.
483. HINER, L B., GRUSKIN, A. B., BALUARTE, H. J., COTE, M. L, SAputa, D.

W., AND LEVITSKY, D.: Plasma ream activity and intrarenal blood flow
distribution in a child with pheochromocytoma, J. Pediat. 89: 950-952,
1976.

484. HODGE, R. L, LOWE, R. D., Nc, K. K. F., AND VANE, J. R.: Role of the
vagus nerve in the control of the concentration of angiotensin II in the
circulation. Nature (London) 221: 177-179, 1969.

485. HODGE, R. L, LOWE, R. D., AND VANE, J. R.: Increased angiotensin
formation in response to carotid occlusion in the dog. Nature (London)
211: 491-493, 1966.

486. HODLER, J., AKERT, R., HUNKELER, H., AND WEIDMANN, P.: Changes in
renal function in essential hypertension induced by phentolamine before
and after administration of oxprenolol In Phentolammne in Heart Failure

and Other Cardiac Disorders, ed. by S. H. Taylor and L. A. Gould, pp.
23-34, Hans Huber Publishers, Bern, 1975.

487. HOEFKE, W., AND KOBINGER, W.: Pharmakologiache Wirkungen des 2-
(1 ,6-dichlorophenylammno)�2�imidazoline�hydroc�jorid einer neuen an-

tihypertensiven Substsnz. Arzneimittel-Forschung/Drug Res. 16: 1038-
1050, 1966.

488. HOFBAUER, K. G., BAUEREISS, K., ZSCHIEDRICH, H., AND GROSS, F.: Effects
of saralasin on renal function in the rat. Progr. Biochem. Pharmacol. 12:
63-83, 1976.

489. HOFBAUER, K. G., KONRADS, A., SCHWARZ, K., AND WERNER, U.: Role of

cyclic AMP in the regulation of ream release from the isolated perfused

rat kidney. KIm. Wochenschr. 56: suppl I, 51-59, 1978.
490. HOFBAUER, K. G., ZSCHIEDRICH, H., AND GROSS, 11.: Regulation of ream

release and intrarenal formation of angiotensin. Studies in the isolated

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 213

perfused rat kidney. Clin. Exp. Pharmacol. Physiol. 3: 73-93, 1976.
491. HOFBAUER, K. G., ZSCHIEDRICH, H., HACKENTHAL, E., AND GROSS, F.:

Function of renin-angiotensin system in the isolated perfused rat kidney.
Circ. Res. 34/35: suppl. I, 193-201, 1974.

492. HOKFELT, B., HEDELAND, H., AND DYMLING, J. F.: Studies on catechol-
amines, renin and aldosterone following Catapresan (2-(2,6-dichlor-
phenylamine)-2-imidazoline hydrochloride) in hypertensive patients.
Eur. J. Pharmacol. 10: 389-397, 1970.

493. HOKFELT, B., HEDELAND, H., AND HANSSON, B.-G.: The effect of clonidine,
respectively on catecholamines in blood and urine, plasma renin activity

and urinary aldosterone in hypertensive patients. Arch. mt. Pharmaco-
dyn. Th#{233}r.213: 307-321, 1975.

494. HOLDSWORTH, S., MCLEAN, A., MORRIS, B. J., DAX, E., AND JOHNSTON, C.
I.: Renin release from isolated rat glomeruli. Clin. Sci. Mol. Med. 51:
975-995, 1976.

495. HOLLEMANS, H. J. C., VAN DER MEER, J., AND KL00S’rERZIEL, W.: Mea-
surement of renin activity in plasma by a radioimmunoassay for angio-

tensin I. Clin. Chim. Acts 24: 353-357, 1969.

496. HOLLENBERG, N. K. WILLIAMS, G. H., BURGER, B., CHENITZ, W., Hoos-
HAND, I., AND ADAMS, D. F.: Renal blood flow and its response to

angiotensin II: An interaction between oral contraceptive agents, sodium
intake, and the renin-angiotensin system in healthy young women. Circ.
Res. 38: 35-40, 1976.

497. HOLLENBERG, N. K., WILLIAMS, G., BURGER, B., AND HOOSMAND, I.: The
influence of potassium on the renal vasculature and the adrenal gland,
and their responsiveness to angiotensin H in normal man. Clin. Sci. Mol.
Med. 49: 527-534, 1975.

498. HOLLENBERG, N. K., WILLIAMS, G. H., BURGER, B., ISHIKAWA, I., AND

ADAMS, D. F.: Blockade and stimulation of renal, adrenal and vascular

angiotensin II receptors with 1-Sar, 8-Ala angiotensin II in normal man.
J. Clin. Invest. 57: 39-46, 1976.

499. HOLLIFIELD, J. W.: Failure of aspirin to antagonize the antihypertensive

effect of spironolactone in low-renin hypertension. South. Med. J. 69:
1034-1036, 1976.

500. HOLLIFIELD, J. W., SHERMAN, K., ZWAGG, 11. V., AND SHAND, D. G.:
Proposed mechanisms of propranolol’s antihypertensive effect. N. Engl.

J. Med. 295: 68-73, 1976.

501. HooK, J. B., BLATT, A. H., BRODY, M. J., AND WILLIAMSON, H. E.: Effects
of several saluretic-diuretic agents on renal hemodynamics. J. Pharma-
col. Exp. Ther. 154: 667-673, 1966.

502. HORKEY, K., KOPECKA, J., GREGOROvA, I., AND DVORAKOVA, J.: Relation-
ship between plasma remn activity and urinary catecholamines in various

types of hypertension. Endokrinologie 67: 331-342, 1976.
503. HOROVITZ, Z. P., RUBIN, B., ANTONACCIO, M. J., HIGH, J., SCHAFFER, T.,

AND HARRIS, D.: Antihypertensive effects of SQ 14,225 (D-3-mercapto-2-
methylpropanoyl-L-proline), and orally active angiotensin I-converting
enzyme inhibitor, in spontaneously hypertensive rats (SHR) during
chronic therapy (Abstract). Fed. Proc. 37: 718, 1978.

504. HSU, L., LILLEY, J. J., AND STONE, R. A.: Endogenous adrenergic regulation
of renin release in normotensive man. Clin. Endocrinol. 7 : 233-243, 1977.

505. HSUEH, W., ISAKSON, P. C., AND NEEDLEMAN, P.: Hormone selective lipase
activation in the isolated rabbit heart. Prostaglandins 13: 1073-1091,

1977.

506. HUBER, T., VE’I-rER, W., KUHLMANN, U., VETFER, H., POULIADIS, G.,
MEIER, W., FUmIER, J., BECKERHOFF, R., VEI-FER, U., AND SIEGEN-

THALER, W.: Untersuchungen zur seitengentrennte Bestimmung der

reninaktivitat im Nierenvenenblut bei Nierenarterienstenose. Schweiz.

Med. Wochenschr. 107: 1787-1789, 1977.
507. HUMPHREYS, M. H., REID, I. A., UFFERMAN, R. C., LIEBERMAN, 11. A., AND

EARLEY, L. E.: The relationship between sodium excretion and renin
secretion by the perfused kidney. Proc. Soc. Exp. Biol. Med. 150: 728-
734, 1975.

508. HUNYOR, S. N., ZWEIFLER, A. J., HANSSON, L, SCHORK, M. A., AND ELLIS,

C.: Effect of high dose spironolactone and chlorthalidone in essential
hypertension: Relation to plasma ream activity and plasma volume.

Australia New Zealand J. Med. 5: 17-24, 1975.
509. HUVOS, A., YAGI, S., MANNICK, J. A., AND HOLLANDER, W.: Stimulation of

renin secretion by hydralazine. II. Studies in renovascular hypertension
(Abstract). Circulation 32: suppl. II, 1 18, 1965.

510. IACOBELLI, A., MACERONI, P., FONTANA, 0., VECCI, E., AND CAVALLOVFI,

C.: Effecto del /�-adrenergico suila riposts dall’attivits reninica plasma-
tica alla deplezione sodica acuta nel comglio. Boll. Soc. Ital. Biol. Sper.
51: 1133-1139, 1975.

511. IBSEN, H., KAPPELGAARD, A. M., NIELSEN, M. D., AND GIESE, J.: The
effect of angiotensin II blockade by saralasin (l-sar-8-ala-angiotensin II)
in normal man. Eur. J. Clin. Pharmacol. 14: 171-176, 1978.

512. IMAI, M.: Effect of bumetanide and furosemide on the thick ascending limb
of Henle’s loop of rabbits and rats perfused in vitro. Eur. J. Pharmacol.
41: 409-416, 1977.

513. IMBS, J. L., DESAULLES, E., VELLY, J. BLOCH, 11., AND SCHWARTZ, J.:
Action du clopamide et de l’acide ethacrynique sur la sdcr#{233}tion de renine

chez la chien. Pflugers Arch. Eur. J. Physiol. 331: 294-306, 1972.
514. IMB5, J. L., SCHMIDT, M., AND SCHWARTZ, J.: Effect of dopamine on renin

secretion in the anesthetized dog. Eur. J. Pharmacol. 33: 151-157, 1975.
515. IMBS, J. L., SCHMIDT, M., VELLY, J., AND SCHWARTZ, J.: Effects of apomor-

phine and of pimozide on renin secretion in the anesthetized dog. Eur. J.
Pharmacol. 38: 175-178, 1976.

516. IMBS, J. L., SCHMIDT, M., VELLY, J., AND SCHWARTZ, J.: Comparison of the
effects of two groups of diuretics on ream secretion in the anesthetized
dog. Clin. Sci. Mol. Med. 52: 171-182, 1977.

517. IMBS, J. L., SPACH, M. 0., AND SCHWARTZ, J.: Baisse de l’activitd renine
plasmatique apres traitment par l’alpha-methyldopa (Abstract) Nouv.
Press#{233}Med. 1: 1995, 1972.

518. IMBS, J. L., VELLY, J., FONTAINE, J. L., AND SCHWARTZ, J.: Controle de la
secretion de renine. Nephron 7: 499-511, 1970.

519. IsAKsoN, P. C., RAZ, A., DENNY, S. E., WYCHE, A., AND NEEDLEMAN, P.:
Hormonal stimulation of arachidonate release from isolated perfused
organs. Relationship to prostaglandin biosynthesis. Prostaglandins 14:
853-871, 1977.

520. ISAKSON, P. C., SHOFER, F., MCKNIGHT, R. C., FELDHAUS, R. A., RAZ, A.,
AND NEEDLEMAN, P.: Prostsglandins and renin-angiotensin system in
canine endotoxemia. J. Pharmacol. Exp. Ther. 200: 614-622, 1977.

521. ITSKOVITZ, H. D., AND CAMPBELL, W. B.: Vasodilators, intrarenal distri-
bution of blood flow, and renal function in isolated perfused canine

kidneys. Proc. Soc. Exp. Biol. Med. 153: 161-165, 1976.
522. IWA0, H., ABE, Y., AND YAMAMOTO, K.: Effect of intrarenal arterial infu-

sions of calcium on renin release in dogs. Jap. J. Pharmacol. 24: 482-484,
1974.

523. JACKUBOWSKI, H. D., AND TAUB, H. D.: Plasma renin activity in surgical
patients. In Recent Progress in Anesthesiology and Resuscitation, ed. by
A. Arias, pp. 359-361, Excerpts Medics, Amsterdam, 1974.

524. JAMES, S. K., AND HALL, R. C.: The nature of ream released in the dog
following hemorrhage and frusemide. Pfl#{252}gers Arch. Eur. J. Physiol.

347: 323-328, 1974.
525. JAYAKUMAR, S., AND PUSCHEVF, J. B.: Study of the sites and mechanisms

of action of bumetanide in man. J. Pharmacol. Exp. Ther. 201: 251-258,
1977.

526. JOHNS, E. J., RICHARDS, H. K., AND SINGER, B.: Effects of adrenaline,
noradrenaline and isoprenaline and salbutamol on the production and
release of remn by isolated renal cortical cells of the cat. Brit. J.
Pharmacol. 53: 67-73, 1975.

527. JOHNS, E. J., AND SINGER, B.: Effect of propranolol and theophylline on
renin release caused by furosemide in the cat. Eur. J. Pharmacol. 23: 67-
73, 1973.

528. JOHNS, E. J., AND SINGER, B.: Specificity of blockade of renal renin release
by propranolol in the cat. Clin. Sci. Mol. Med. 47: 331-343, 1974.

529. JOHNS, E. J., AND SINGER, B.: Comparison of the effects of propranolol and
mCI 66082 in blocking the renin releasing effect of renal nerve stimulation
in the cat. Brit. J. Pharmacol. 52: 315-318, 1974.

529a. JOHNSON, A. R., AND ERDOS, E. G.: Metabolism of vasoactive peptides by
human endothelial cells in culture. J. Chin. Invest. 59: 684-695, 1977.

530. JOHNSON, B. F., SMITH, I. K., LABROOY, J., AND BYE, C.: The nature of the
beta-adrenoreceptor controlling plasma renin activity in man. Clin. Sci.
Mol. Med. 51: ll3s-115s, 1976.

531. JOHNSON, J. A., AND DAVIS, J. 0.: Effects of a specific competitive antag-
onist of angiotensin II on arterial pressure and adrenal steroid secretion

in dogs. Circ. Res. 32/23: suppl. I, 159-168, 1973.

532. JOHNSON, J. A., AND DAVIS, J. 0.: Angiotensin II: Important role in the
maintenance of arterial blood pressure. Science 179: 906-907, 1973.

533. JOHNSON, J. A., DAVIS, J. 0., BAUMBER, J. S., AND SCHEIDER, E. G.: Effects
of hemorrhage and chronic sodium depletion on hepatic clearance of
renin. Amer. J. Physiol. 220: 1677-1682, 1971.

534. JOHNSON, J. A., DAVIS, J. 0., GOTSHALL, R. W., LOHNEIER, T. E., DAVIS,

J. L., BRAVERMAN, B., AND TEMPEL, G. E.: Evidence for an intrarenal
beta receptor in control of renin release. Amer. J. Physiol. 230: 410-418,
1976.

535. JOHNSON, J. A., DAVIS, J. 0., AND WII-rY, R. T.: Effects of catecholamines
and renal nerve stimulation on renin release in the non-filtering kidney.

Circ. Res. 29: 646-653, 1971.

535a. JOHNSON, M. D., FAHRI, E. R., TROEN, B. R., AND BARGER, A. C.: Plasma
epinephrine and control of plasma renin activity: Possible extrarenal
mechanisms. Amer. J. Physiol. 236: H854-H859, 1979.

536. JOHNSON, M. D., KINTER, L. B., AND BEEUWKES, R., III: Effects of AVP
and DDAVP on plasma remn activity and electrolyte excretion in con-
scions dogs. Amer. J. Physiol. 236: F66-F70, 1979.

537. JOHNSON, M. D., AND MALVIN, R. L: Plasma ream activity during pento-

barbital anesthesia and gradual hemorrhage in dogs. Amer. J. Physiol.

229: 1098- 1101, 1975.

537a. JOHNSON, M. D., SHIER, D. N., AND BARGER, A. C.: Circulating catechol-
amines and control of plasma ream activity in conscious dogs. Amer. J.
Physiol. 236: H463-H470, 1979.

538. JOHNSTON, C. I., ANAVEKAR, N., CHUA, K. G., AND LOUIS, W. J.: Plasma
renin and angiotensin leveis in human hypertension following treatment.

Clin. Sci. Mol. Med. 45: 287s-290s, 1973.

539. JOHNSTON, C. I., MATTHEWS, P. G., AND D�.x, E.: Renin-angiotensin and

kallikrein-kinin systems in sodium homeostasis andhypertensionin rats.

Clin. Sci. Mol. Med. 51: 2834-2864, 1976.
540. JOHNSTON, C. I., MENDELSOHN, F. A. 0., AND DOYLE, A. E.: Metabolism of

angiotensin II in sodium depletion and hypertension in humans. Circ.

Res. 30/31: suppl. II, 203-213, 1972.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


214 KEETON AND CAMPBELL

541. JOPP1CH, R., AND WEBER, P.: Effects of ADH on the activity and function
of the renin-angiotensin-aldosterone system in infants and children. Eur.

J. Pediat. 122: 303-308, 1976.

542. JosE, A., CROUT, J. 11., AND KAPLAN, N. M.: Suppressed plasma renin
activity in essential hypertension. Ann. Intern. Med. 72: 9-16, 1970.

543. JoSE, A., AND KAPLAN, N. M.: Plasma ream activity in the diagnosis of
primary aldosteronism. Arch. Intern. Med. 123: 141-146, 1969.

544. JOY, M. D., AND LOWE, R. D.: Site of cardiovascular action of angiotensin
II in the brain. Chin. Sci. 39: 327-336, 1970.

545. JOY, M. D., AND LOWE, 11. D.: Evidence that the area postrema mediates
the central cardiovascular response to angiotensin II. Nature (London)
228: 1303-1304, 1970.

546. KAHN, M., AND BOHRER, N. K.: Effect of potassium-induced diuresis on
renal concentration and dilution. Amer. J. Physiol. 212: 1365-1375, 1967.

547. KALDOR, A., GACHALYI, B., KALLAY K., FEKETE, S., AND FOLDVARI, A.:
Effect of alpha-methyldopa and of phenobarbitone on angiotensin re-
sponsiveness and renin activity in man. mt. J. Clin. Pharmacol. 11: 10-

14, 1975.

548. KALLSKOG, 0., LINDBOM, L 0., ULFENDAHL, H. R., AND WOLGAST, M.:
Hydrostatic pressures within the vascular structures of the rat kidney.

Pflugers Arch. Eur. J. Physiol. 363: 205-210, 1976.
549. KALOYANIDES, G. J., AHRENS, R. E., SHEPHERD, J. A., AND DIBONA, G. F.:

Inhibition of prostsglandin E� secretion: failure to abolish autoregulation
in the isolated dog kidney. Circ. Res. 38: 67-73, 1976.

550. KALOYANIDES, G. J., BASTRON, R. D., AND DIBONA, G. F.: Effect of ureteral
clamping and increased renal arterial pressure on renin release. Amer. J.
Physiol. 225: 95-99, 1973.

551. KANDASMY, S. B.: Inhibition of bovine cerebral cortex prostaglandin syn-
thetase by phenoxybenzamine and cypropheptadine in vitro. Chin. Exp.
Pharmacol. Physiol. 4: 585-588, 1977.

552. KANEKO, Y., IKEDA, T., TAKEDA, T., INOUE, G., TAGAWA, H., AND UEDA,

H.: Ream release in patients with benign essential hypertension. Circu-
lation 38: 353-362, 1968.

553. KANEKO, Y., IKEDA, T., TAKEDA, T., AND UEDA, H.: Renin release during
acute reduction ofarterial pressure in normotensive subjects and patients
with renovascular hypertension. J. Clin. Invest. 46: 705-716, 1967.

554. KANEKO, Y., TAKEDA, T., IKEDA, T., TAGAWA, H., ISHII, M., TAKABATAKE,

Y., AND UEDA, H.: Effect of ganglion-blocking agents on ream release in
hypertensive patients. Circ. Has. 27: 97-103, 1970.

555. KAPLAN, N. M., HOLLAND, 0. B., AND GOMEZ-SANCHEZ, C.: Effects of
antihypertensive therapy on plasma ream activity. In Systemic Effects

of Antihypertensive Agents, ed. by M. P. Sambhi, pp. 207-216, Stratton,
New York, 1976.

556. KAPLAN, N. M., KEM, D. C., HOLLAND, 0. B., KRAMER, N. J., HIGGINS, J.,
AND GOMEZ-SANCHEZ, C.: The intravenous furosemide test: A simple
way to evaluate renin responsiveness. Ann. Intern. Med. 84: 639-645,

1976.

557. KAPPELGAARD, A. M., GIE5E, J., IBSEN, H., DAMKJAER NIELSEN, M., AND

RABOL, A.: Different secretion patterns of active and inactive renin in
man. Clin. Sci. Mol. Med. 55: 143s.-146s, 1978.

558. KARLANDER, S. G., HENNING, R., AND LUNDVALL, 0.: Renal effects of
bumetanide, a new saluretic agent. Eur. J. Clin. Pharmacol. 6: 220-223,
1973.

559. KARLBERG, B. E., KAGEDAL, B., TEGLER, L., TOLAGEN, K., AND BERGMAN,

B.: Controlled treatment of primary hypertension with propranolol and
spirolactone. Amer. J. Cardiol. 37: 642-649, 1976.

560. KARLBERG, B. E., NILSSON, 0., AND TOLAGEN, K.: Clonidine in primary
hypertension: Effects on blood pressure, plasma renin activity, plasma

and urinary aldosterone, Curr. Ther. lIes. 21: 10-20, 1977.
561. KARPPANEN, H.: Effects of propranolol on the blood pressure of normoten-

sive and pinealectomized hypertensive rats. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 281: 1-12, 1974.

562. KARPPANEN, H., LAHOVAARA, 5., AND MATrILA, M. J.: Cardiovascular
effects of tolamolol (UK-6558), a new beta-adrenoceptor blocking drug
in pinealectomized hypertensive rats. Ann. Med. Exp. Biol. Fenn. 51:

104-111, 1973.

563. KATZ, F. H., AND BECK, P.: Plasma renin activity, renin substrate and
aldosterone during treatment with various oral contraceptives. J. Clin.
Endocrinol. Metab. 39: 1001-1004, 1974.

564. Ks�rz, F. H., AND HOEHN, M. M.: Effects of levodopa on the renin-aldos-
terone system. Clin. Pharmacol. Ther. 21: 388-391, 1977.

565. KATz, F. H., POPOVTZER, M. M., PINGGERA, W. F., HALGRIMSON, C. G.,
AND STARZL, T. E.: Acute alteration of plasma renin activity by large
doses of intravenous prednisone. Proc. Soc. Exp. Biol. Med. 141: 887-
889, 1972.

566. KATz, F. H., ROMFH, P., SMITH, J. A., ROPER, E. F., AND BARNES, J. S.:
Combination contraceptive effects on monthly cycle of plasma aldoster-
one, renin activity and remn substrate. Acts Endocrinol. 79: 295-300,
1975.

567. Ks�rz, F. H., AND ROPER, E. F.: Testosterone effect on renin system in rats.
Proc. Soc. Exp. Biol. Med. 155: 330-333, 1977.

568. KAUL, C. L, AND GREWAL, R. S.: Modification of the presser response to

hog renin by adrenalectomy, demedullation, adrenoceptor blocking drugs
and catecholamine depletors in anesthetized rats. Arch. Int. Pharmaco-
dyn. Th#{233}r. 212: 255-263, 1974.

569. KAUL, C. L, AND GREWAL, R. S.: Effect of some antihypertensive drugs
and catecholamine depletors on the plasma renin activity in the rat.

Arch. Int. Pharmacodyn. Th#{233}r.224: 91-101, 1976.
570. KAULHAUSEN, V. H., OEHM, W., FRITZCHE, G., AND BREUER, H.: Basin-

flussung der Reninaktivatst und der Reninsubstratkonzentration im
Plasma durch orale Contraceptiva. Z. Klin. Chem. lOin. Biochem. 12:
408-414, 1974.

571. KEETON, T.K., AND PETTINGER, W. A.: The dominance of adrenergic
mechanisms in mediating hypotensive drug-induced ream release in the

conscious rat. J. Pharmacol. Exp. Ther. 208: 303-309, 1979.
572. KEETON, T. K., Pm-FINGER, W. A., AND CAMPBELL, W. B.: The effects of

altered sodium balance and adrenergic blockade on renin release induced

in rats by angiotensin antagonism. Circ. Res. 38: 531-539, 1976.
573. KEETON, T. K., AND PFISTER, S.: The effect of the antihypertensive drug

labetslol on renin release in the conscious rat (Abstract) Fed. Proc. 39:
1186, 1980.

574. KEIM, H. J., DRAYER, J. I. M., TUURSTON, H., AND LARAGH, J. H.:
Triamterene-induced changes in aldosterone and renin values in essential
hypertension. Arch. Intern. Med. 136: 645-648, 1976.

575. KEIM, K. L., AND SIGG, E. B.: Activation of central sympathetic nerves by
angiotensin II. Life Sci. 10: 565-574, 1971.

576. KELSCH, R. C., LIGHT, G. S., LUCIANO, J. R., AND OLIVER, W. J.: The effect
of prednisone on plasma norepinephrine concentration and renin activity

in salt-depleted man. J. Lab. Clin. Med. 77: 267-277, 1971.
577. KEM, D. C., GOMEZ-SANCHEZ, C., KRAMER, N. J., HOLLAND, 0. B., AND

HIGGINS, J. R.: Plasma aldosterone and rena activity response to ACTH
infusion in dexamethasone-suppressed normal and sodium-depleted man.
J. Cliii. Endocrinol. Metsb. 40: 116-124, 1975.

578. KERSTING, F., REID, J. L, AND DOLLERY, C. T.: Clinical and cardiovascular
effects of alpha methyldopa in combination with decarboxylase inhibi-
tors. Clin. Pharmacol. Ther. 21: 547-555, 1976.

579. KEZDI, P., AND GELLER, E.: Baroreceptor control of postganglionic sym-
pathetic nerve discharge. Amer. J. PhysiQl. 214: 427-435, 1968.

580. KHAIRALLAH, P. A.: Action of angiotensin on adrenergic nerve endings:
Inhibition of norepinephrine uptake. Fed. Proc. 31: 1351-1357, 1972.

581. KH0, T. L, SCHALEKAMP, M. A. D. H., ZAAL, G. A., WEarER, A., AND

BIRRENHAGER, W. H.: Comparison between the effects of ST600 and
Catspres. Arch. Int. Pharmacodyn. Th#{233}r.214: 347-350, 1975.

582. KHOKHAR, A. M., SLATER, J. D. H., FORSLING, M. L, AND PAYNE, N. N.:
Effect of vasopressin on plasma volume and renin release in man. Chin.
Sci. Mol. Med. 50: 415-424, 1976.

583. KIERKEGAARD-HANSEN,A.: The effect of lithium on blood pressure and on
plasma ream substrate and rena in rats. Acts. Pharmacol. Toxicol. 35:
370-378, 1974.

584. KIERKEGAARD-HANSEN, A.: Change in plasma renin substrate in lithium-
intoxicated nephrectomized rats, and the effect of sodium on plasma
ream and plasma renin substrate in lithium-intoxicated rats. Acts Phar-
macol. ToxicoL 39: 97-103, 1976.

585. KIERKEGAARD-HANSEN, A., PEDERSON, E. B., DARLING, S., AND AMDISEN,

A.: Plasma ream concentration during lithium therapy. Int. Pharmaco-
psychiat. 13: 133-137, 1978.

586. KIlL, F.: Influence of autoregulation on remn release and sodium excretion.
Kidney Int. 8: suppl., 208-218, 1975.

587. KIlL, F.: Pressure diuresis and hypertension. Scand. J. Clin. Lab. Invest.
35: 289-293, 1975.

588. KIlL, F., KJEKHUS, T., AND LOYNING, E.: Renal autoregulation during
infusion of noradrenaline, angiotensin, and acetyhcholine. Acts Physiol.

Scand. 76: 10-23, 1969.

589. KIlL, F., KJEKHUS, J., AND LOYNING, E.: Role of autoregulation in main-
taming glomeruhar filtration rate at a large urine flow. Acts Physiol.
Scand. 76: 24-39, 1969.

590. KIlL, F., OMvIK, P., JR., AND RAEDER, M. G.: Tubular hydrodynamics after
administration of ethacrynic acid. Amer. J. Physiol. 223: 1263-1270,
1972.

591. KIMBROUGH, J. M., VAUGHN, E. D., JR., CAREY, R. M., AND AYERS, C. 11.:
Effect of intrarenal angiotensin H blockade on renal function in conscious
dogs. Circ. Res. 40: 174-178, 1977.

592. KI0WSKI, W., AND JULIUS, S.: Ream response to stimulation of cardiopul-
monary mechanoreceptors in man. J. Clin. Invest. 62: 656-663, 1978.

593. KIRCHERTZ, E. J., AND PETERS, G.: The effect of chonidine (Catspres) and
other hypotensive agents on plasma ream activity (PRA) in rats (Ab-
stract). Experientia (Basal) 29: 764, 1973.

594. KISCH, E. S., DLUHY, 11. G., AND WILLIAMS, G. H.: Regulation of renin
release by calcium and ammonium ions in normal man. J. Clin. Endo-

crinol. Metsb. 43: 1343-1350, 1976.
595. KOBINGER, W., AND WALLAND, A.: Krieslaufunterschungen mit 2-(2,6-

Dichlorophenylamino)-2-imidazolin-hydrochiorid. Arzneimittel For-
schung/Drug Res. 17: 292-300, 1967.

596. KOBINGER, W., AND WALLAND, A.: Investigations into the mechanism of

the hypotensive effect of2-(2,6-dichlorophenylamino)2-imidazoline HCI.
Eur. J. Pharmacol. 2: 155-162, 1967.

597. KocH, G.: Combined alpha- and bets-adrenoceptor blockade with oral
labetalol in hypertensive patients with reference to haemodynamic ef-
fects at rest and exercise. Brit. J. Clin. Pharmacol. 3: suppl., 729-732,

1976.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 215

598. KOCHAR, M. S., AND ITSKovn’z, H. D.: Treatment of idiopathic orthostatic
hypotension (Shy-Drager syndrome) with indomethacin. Lancet 1: lOll-

1014, 1978.

599. KOCH-WESER, J.: Nature of the inotropic action of angiotensin on ventric-
ular myocardium. Circ. Res. 16: 230-237, 1965.

600. KODISH, M. E., AND KATZ, F. H.: Plasma renin concentration: Comparison

and angiotensinase inhibitors and correlation with plasma renin activity
and aldosterone. J. Lab. Clin. Med. 83: 705-715, 1974.

601. KOHLSTAEDT, K. G., AND PAGE, I. H.: The liberation of renin by perfusion
of kidneys following reduction of pulse pressure. J. Exp. Med. 72: 201-

216, 1940.

602. KOLFF, W. J.: Discussion of reports on renal factors in hypertension
Circulation 17: 676-678, 1958.

603. KONRADS, A., HOFBAUER, K. G., WERNER, U., AND GROSS, F.: Effects of
vasopressin and its deamino-d-argimne analogue on renin release in the

isolated perfused rat kidney. PflOgers Arch. Eur. J. Physiol. 377: 81-85,

1978.
604. KOSUNEN, K. J.: Plasma renin activity, angiotensin II, and aldosterone

after mental arithmetic. Scand. J. Clin. Lab. Invest. 37: 425-429, 1977.

605. KOSUNEN, K. J., KUOPPASALMI, K., NAVERI, H., AND REHUNEN, S., NAR-

VANEN, S., AND ALDERCREUTZ, H.: Plasma renin activity, angiotensin II,
and aldosterone during the hypnotic suggestion of running. Scand. J.

Clin. Lab. Invest. 37: 99-103, 1977.
606. KOSUNEN, K. J., AND PAKARINEN, H. J.: Plasma renin, angiotensin II, and

plasma and urinary aldosterone in running exercise. J. Apph. Physiol. 41:
26-29, 1976.

607. KOSUNEN, K. J., PAKARINEN, A. J., KUOPPASALMI, K., AND ALDERCREUTZ,

H.: Plasma renin activity, angiotensin II and aldosterone during intense
heat stress. J. Appl. Physiol. 41: 323-327, 1976.

608. KOTCHEN, T. A., GALLA, J. H., AND LUKE, R. G.: Failure of NaHCO3 and
KHCO3 to inhibit renin in the rat. Amer. J. Physiol. 231: 1050-1056,

1976.

609. KOTCHEN, T. A., GALLA, J. H., AND LUKE, 11. G.: Effects of calcium on
renin and aldosterone in the rat. Amer. J. Physiol. 232: E388-E393, 1977.

610. KOTCHEN, T. A., GALLA, J. H., AND LUKE, R. G.: Contribution of chloride
to the inhibition of plasma renin by sodium chloride in the rat. Kidney

Int. 13: 201-207, 1978.

611. KOTCHEN, T. A., HENDRICK, J. L., MILLER, M. C., AND TALWALKAR, R. T.:

Effect of prostaglandins on the velocity of the reaction between human

renin and homologous renin substrate. J. Clin. Endocrinol. Metab. 39:

530-535, 1974.
612. KOTCHEN, T. A., MAULL, K. I., KOTCHEN, J. M., AND LUKE, R. G.: Effect

of calcium gluconate infusion on the renin in the dog. J. Lab. Chin. Med.

89: 181-189, 1977.
613. KOTCHEN, T. A., MAULL, K. I., LUKE, R. G., REES, D., AND FLAMENBAUM,

W.: Effect of acute and chronic calcium administration on plasma renin.
J. Chin. Invest. 54: 1279-1286, 1974.

614. KRAKOFF, L. R.: Measurement of plasma renin substrate by radioimmu-
noassay of angiotensin I: Concentration in syndromes associated with

steroid excess. J. Chin. Endocrinoh. Metab. 37: 110-117, 1973.
615. KRAKOFF, L. R., DEGUIA, R. D., VLACKAKIS, N., STRICKER, J., AND GOLD-

STEIN, M.: Effect of sodium balance on arterial blood pressure and renal
responses to prostaglandin A, in man. Circ. Res. 33: 539-546, 1973.

616. KRAKOFF, L R., SELVADURAI, R., AND SUTTER, E.: Effect of methyhpred-

nisolone upon arterial pressure and the renin angiotensin system in the

rat. Amer. J. Physioh. 228: 613-617, 1975.
617. KRAUSE, H. H., DUME, T., KOCH, K. M., AND OCHWALT, B.: Intratubularer

Druck, glomerularer Capillardruck and Glomerulumfihtrat nach Furo-

semid und Hydrochhorothiazid. Pfl#{252}gersArch. Eur. J. Physiol. 295: 80-
89, 1967.

618. KREMER, D., BODDY, K., BROWN, J. J., DAVIES, D. L., FRASER, R., LEVER,

A. F., MORTON, J. J., AND ROBERTSON, J. I. S.: Amioride in the treatment
of primary hyperaldosteronism and essential hypertension. Chin. Endo-

crinol. 7: 151-157, 1977.

619. KUCHEL, 0., CUCHE, J. L, HAMET, P., BOUCHER, R., BARBEAU, A., AND

GENEST, J.: The relationship between adrenergic nervous system and
ream in labile hyperkinetic hypertension. In Hypertension 72, ed. by J.

Genest and E. Kiow, pp. 118-125, Springer-Verlag, New York, 1972.

620. KUCHEL, 0., FISHMAN, L. M., LIDDLE, G. W., AND MICHELAKIS, A.: Effect
of diazoxide on plasma renin activity in hypertensive patients. Ann.

Intern. Med. 67: 791-799, 1967.
621. KULAGINA, V. P.: Character of the efferent impulses in the postganghionic

fibers of the splanchnic nerve during vasoconstriction and vasodilator
reactions in the abdominal organs. Bull. Exp. Biol. Med. 57: 254-257,
1964.

622. KUPPERS, H., WIESEN, K., AND SCHNURR, E.: Determination of plasma

angiotensin II concentrations: Reliability of a practical method for chin-
ical purposes: R. A. A. system during furosemide administration. Chin.

Chim. Acts 71: 469-475, 1976.
623. KURAMOTO, K., KURIHARA, H., MURATA, K., KIMATA, S., MATSUSHITA, S.,

IKEDA, M., AND MARAKAMI, M.: Hemodynamic effects and variations in
plasma renin activity after single oral administration of oxprenolol.
Cardiohogia 59: 41-48, 1974.

624. KURPPA, K., KANNAS, M., AND FYHRQUIST, F.: The effect ofa beta-blocking

agent on blood pressure, plasma renin activity and sodium excretion

when combined with prolonged saluretic therapy. In Concepts in the

Treatment of Hypertension, ed. by A. Zanchetti, pp. 45-48, Excerpts

Medica, Amsterdam, 1977.

625. LAFFAN, R. J., GOLDBERG, M. E., HIGH, J. P., SCHAFFER, T. R., WAUGH,

M. H., AND RUBIN, B.: Antihypertensive activity in rats of SQ 14,225, an
orally active inhibitor of angiotensin I-converting enzyme. J. Pharmacol.

Exp. Ther. 204: 281-288, 1978.
626. LAGRANGE, R. G., SLoop, C. H., AND SCHMID, H. E.: Selective stimuhation

of renal nerves in the anesthetized dog. Circ. Res. 33: 704-712, 1973.

627. LAMMINTAUSTA, R., SYVALAHTI, E., IISALO, E., KANTO, J., AND MANTYLA,

R.: Selective and non-selective beta-blockade in renin release. Acta
Pharmacol. Toxicoh. 41: 489-496, 1977.

628. LANCASTER, R., GOODWIN, T. J., AND PEART, W. S.: The effect of pindolol

on plasma renin activity and blood pressure in hypertensive patients.
Brit. J. Clin. Pharmacoh. 3: 453-460, 1976.

629. LANDS, A. M., ARNOLD, A., MCAULIFF, J. P., LUDENA, F. P., AND BROWN,

T. G., JR.: bifferentiation of receptor systems activated by sympatho-

mimetic amines. Nature (London) 214: 597-598, 1967.
630. LANZONI, V., SMITH, G., AND CHOBANIAN, A. V.: Influence of metolazone,

hydrochlorothiazide and spironolactone on potassium balance in hyper-
tensive patients. In Systemic Effects of Antihypertensive Agents, ed. by

M. P. Sambhi, pp. 171-180, Stratton, New York, 1976.

631. LARAGH, J. H., CANNON, P. J., STASON, W. B., AND HEINEMANN, H. 0.:
Physiologic and clinical observations on furosemide and ethacrynic acid.

Ann. N. Y. Acad. Sci. 139: 453-465, 1966.
632. LARAGH, J. H., SEALEY, J. E., LEDINGHAM, J. G. G., AND NEWTON, M. A.:

Oral contraceptives: Renin, aldosterone and blood pressure. J. Amer.

Med. Ass. 201: 918-922, 1967.
633. LARSSON, C., AND ANGGARD, E.: Regional differences in the formation and

metabolism of prostaglandins in the rabbit kidney. Eur. J. Pharmacol.

21: 30-36, 1973.
634. LARSSON, C., WEBER, P., AND ANGGARD, E.: Arachidonic acid increases and

indomethacin decreases plasma renin activity in the rabbit. Eur. J.

Pharmacol. 28: 391-394, 1974.
635. LARSSON, C., WEBER, P., AND ANGGARD, E.: Stimulation and inhibition of

renal PG biosynthesis: Effects on renal blood flow and on plasma renin

activity. Acts Biol. Med. Ger. 35: 1195-1200, 1976.
636. LArrA, H., MAUNSBACH, A. B., AND CooK, M. L.: The juxtaglomerular

apparatus as studied electron microscopically. J. Ultrastruct. Res. 6:

547-561, 1962.
637. LAUTERWEIN, B., BOLL, H., MEYER, D. K., AND HERS-rING, G.: Inhibition

of furosemide-induced renin release by vasoconstrictors. Naunyn

Schmiedeberg’s Arch. Pharmacol. 290: 307-314, 1975.
638. LAZAR, J., AND HOOBLER, S. W.: Studies on the role of the adrenal in renin

kinetics. Proc. Soc. Exp. Bioh. Med. 138: 614-618, 1971.
639. LECKIE, B.: The activation of a possible zymogen of renin in rabbit kidney.

Chin. Sci. Moh. Med. 44: 301-304, 1973.

640. LEE, D. R., AND SIMPSoN, F. 0.: Effect of propranolol on blood pressure,

heart rate and exchangeable sodium in genetically hypertensive and
normotensive rats. Proc. Univ. Otago Med. Sch. 51: 51-52, 1973.

641. LEE, D. R., AND SIMPSON, F. 0.: Effect of propranohoh on plasma volume
and renin levels of genetically hypertensive rats. Proc. Univ. Otago Med.

Sch. 51: 53-54, 1973.

642. LEENEN, F. H. H., AND ACKERMAN, E. W.: Effects of propranohol on

development and maintenance of severe renal hypertension in rats. Chin.
Exp. Pharmacol. Physiol. 3: 575-586, 1976.

643. LEENEN, F. H. H., AND DEJONG, W.: Plasma renin and sodium balance
during development of moderate and severe renal hypertension in rats.

Circ. Res. 36/37: suppl. I, 179-186, 1975.
644. LEENEN, F. H. H., GALLA, S. J., GEYSKES, Li G., MURDAUGH, H. V., AND

SHAPIRO, A. P.: Effects of hemodialysis and saline loading on body fluid
compartments, plasma renin activity, and blood pressure in patients on

chronic hemodialysis. Nephron 18: 93-100, 1977.
645. LEENEN, F. H. H., AND MCDONALD, R. H., JR.: Effect of isoproterenol on

blood pressure, plasma renin activity, and water intake in rats. Eur. J.

Pharmacol. 26: 129-135, 1974.
646. LEENEN, F. H. H., REDMOND, D. P., AND MCDONALD, R. H.: Alpha and

beta adrenergic-induced renin release in man. Clin. Pharmacol. Ther. 18:

31-38, 1975.
647. LEENEN, F. H. H., AND SHAPIRO, A. P.: Effect of intermittent electric shock

on plasma renin activity in rats. Proc. Soc. Exp. Biol. Med. 146: 534-538,
1974.

648. LEES, P.: The influence of bets adrenoceptive receptor blocking agents on
urinary function in the rat. Brit. J. Pharmacol. 34: 429-444, 1968.

649. LEON, A. S., Paz-rINGER, W. A., AND SAVIANO, M. A.: Enhancement of
serum renin activity in the rat. Med. Sci. Sports 5: 40-43, 1973.

650. LEONErrI, G., MAYER, G., MORGANTI, A., TERSOLI, L, ZANCHErrI, A.,
BIANCHETrI, G., DISALLE, E., MORSELLI, P. L, AND CHIDSEY, C. A.:
Hypotensive and renin-suppressing activities of propranohol in hyperten-
sive patients. Clin. Sci. Mol. Med. 48: 491-499, 1975.

651. LEONETFI, G., TERZOLI, L, MORGANTI, A., MANFRIN, M., BIANCHINI, C.,
SALA, C., AND ZANCHETrI, A.: Relation between the hypotensive and
ream-suppressing activities of alpha methyldopa in hypertensive pa-
tients. Amer. J. Cardiol. 40: 762-767, 1977.

652. LESTER, G. E., AND RUBIN, R. P.: The role of calcium in renin secretion

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


216 KEETON AND CAMPBELL

from the isolated perfused cat kidney. J. Physiol. (London) 269: 93-108,

1977.
653. LEVY, S. B., HOLLE, R., HSU, L, LILLEY, J. J., AND STONE, R. A.:

Physiologic and pharmacologic influence on adrenergic regulation of

renin release. Clin. Pharmacol. Ther. 22: 511-518, 1977.
654. LEWIS, E. J., BLAUFOZ, M. D., AND HICKLER, R. B.: Renin secretion by the

denervated kidney. Brit. Med. J. 2: 1430-1431, 1966.

655. LEWIS, P. J., AND LEE, M. R.: Renin release in the rabbit produced by
ergometrine infusion. Brit. J. Exp. Pathoh. 53: 150-152, 1972.

656. LEYSSAC, P. 0., CHRISTENSEN, P., HILL, R., AND SKINNER, S. L: Indo-
methacin blockade of renal PGE synthesis. Effect on total renal and

tubular function and plasma renin concentration in hydropenic rats and
on their response to isotonic saline. Acts Physiol. Scand. 94: 484-496,

1975.

657. LlFscHrrz, M. D., AND EARLEY, L. E.: An intrarenal effect of blood pH on
the release of renin (Abstract). J. Clin. Invest. 53: 47a, 1974.

658. LIFSCHITZ, M. D., AND HORWITZ, L. D.: Plasma renin activity during
exercise in the dog. Circ. Res. 38: 483-487, 1976.

659. LIFSCHITZ, M. D., KIRSCHENBAUM, M. A., ROSENBLATF, S. G., AND GIBNEY,

R.: Effect of saralasin in hypertensive patients on chronic hemodialysis.
Ann. Intern. Med. 88: 23-27, 1978.

660. LIJNEN, P., AMERY, A., DEPLAEN, J. F., FAGARD, B., AND REYBROUCK, T.:

Hyporeninaemic and hypotensive effect of a cardioselective and a non-

cardiosehective bets blocker. In Bets-Adrenoceptor Blocking Agents, ed.
by P. R. Saxena and R. P. Forsyth, pp. 335-348, North-Holland, Am-
sterdam, 1975.

661. LILIENFELD-TOAL, H. V., MACKES, K. G., LAUDAGE, G., AND WILLMS, E.:

Plasma cAMP and renin in diabetics during insulin induced hypoglyce-
mia. Horm. Metsb. Res. 8: 491, 1976.

662. LINDNER, A., TREMANN, J. A., PLANTIER, J., CHAPMAN, W., FORREY, A.,

HAINES, G., AND PALMIERI, G.: Effects of parathyroid hormone on the
renal circulation and renin secretion in unanesthetized dogs. Mineral
Electrolyte Metsb. 1: 155-165, 1978.

663. LINKOLA, J., FYHRQUIST, F., NEIMINEN, M. N., WEBER, T. H., AND ToNi-rI,

K.: Renin-aldosterone axis in ethanoh intoxication and hangover. Eur. J.
Chin. Invest. 6: 191-194, 1976.

664. LII-rLE, J. R., AND COHEN, J. J.: Effect of albumin concentration on
function of isolated perfused rat kidney. Amer. J. Physiol. 226: 512-517,

1974.
665. LLACH, F., WEIDMANN, P., REINHART, R., MAXWELL, M. H., COBURN, J.

W., AND MASSRY, S. G.: Effect of acute and long standing hypocalcemia

on blood pressure and plasma remn activity in man. J. Clin. Endocrinol.

Metsb. 38: 841-847, 1974.
666. LOCKETr, M. F., STUART, D. L., WADLEY, R., Goss, A. R., AND SIDDIQUI,

H. H.: Some effects of dihydroergocristine and of phentolamine mesylate
on renal function in rats. J. Pharm. Pharmacol. 21: 648-655, 1969.

667. LOEFFLER, J. R., STOCKIGT, J. R., AND GANONG, W. F.: Effect of alpha and

beta-adrenergic blocking agents on the increase in renin secretion pro-
duced by stimulation of the renal nerves. Neuroendocrinology 10: 129-
138, 1972.

667a. LOFFELHOLZ, K., AND MUNSOHOLL, E.: A muscarinic inhibition of the
noradrenahine release evoked by post-ganghionic sympathetic nerve stim-

uhation. Naunyn-Schmiedeberg’s Arch. Pharmacoh. 265: 1-15, 1969.
668. LOGAN, A. G., TENYI, I., QUESADA, T., PEART, W. S., BREATHNACH, A. S.,

AND MARTIN, B. G. H.: Blockade of renin release by lanthanum. Clin.
Sci. Mol. Med. 48: 31s-32s, 1975.

668a. LOKHANDWALA, M. F., BUCKLEY, J. P., AND JANDHYALA, B. S.: Reduction
of plasma renin activity by centrally administered angiotensin II in

anesthetized cats. Clin. Exp. Hypertension 1: 167-175, 1978.
669. LOPEZ, G. A., REID, I. A., ROSE, J. C., AND GANONG, W. F.: Effect of

norepinephrine on renin release and cyclic AMP content of rat kidney
slices: Modification by sodium deficiency and a-adrenergic blockade.

Neuroendocrinology 27: 63-73, 1978.
670. LOWDER, S. C., FRAZER, M. G., AND LIDDLE, G. W.: Effect of insulin-

induced hypoglycemia upon plasma renin activity in man. J. Chin. En-

docrinol. Metab. 41: 97-105, 1975.

671. LOWDER, S. C., HAMET, P., AND LIDDLE, G. W.: Contrasting effects of
hypoglycemia on plasma renin activity and cyclic adenosine 3’ ,5’-mono-
phosphate (cyclic AMP) in low ream and normal renin essential hyper-

tension. Circ. Res. 38: 105-108, 1976.

672. LOWDER, S. C., AND LIDDLE, G. W.: Effects ofguanethidine and methyldopa
on standardized test for rena responsiveness. Ann. Intern. Med. 82: 757-

760, 1975.
673. LOWE, R. D.: Factors controlling the release of renin from the kidney.

Lancet 2: 183-185, 1964.

674. LUDENS, J. H., BACH, R. R., AND WILLIAMSON, H. E.: Characteristics of
the antinatriuretic action of growth hormone. Proc. Soc. Exp. Biol. Med.

130: 1156-1158, 1969.

675. LUDENS, J. H., HooK, J. B., BRODY, M. J., AND WILLIAMSON, H. E.:
Enhancement of renal blood flow by furosemide. J. Pharmacol. Exp.

Ther. 163: 456-460, 1968.

676. LUDENS, J. H., AND WILLIAMSON, H. E.: The effects of furosemide on renal
blood flow (RBF) in unanesthetized dogs and in anesthetized dogs with

reduced renal blood flow (Abstract). Fed. Proc. 28: 739, 1969.

677. LUND-JOHANSEN, P.: Hemodynamic changes in hong-term alpha-methyl-

dopa therapy of essential hypertension. Acts Med. Scand. 192: 221-226,
1972.

678. LUND-JOHANSEN, P.: Hemodynamic changes at rest and during exercise in
hong-term prazosin therapy of essential hypertension. In Prazosin: Eval-

uation of a New Antihypertensive Agent, ed. by D. W. K. Cotton, pp. 43-

53. Excerpts Medica, Amsterdam, 1974.

679. LYDTIN, H., SCHUCHARD, J., WOBER, W., DAHLHEIM, H., AND THURAU, K.:
The effects of timolol on renin, angiotensin II, plasma catecholamines,
and blood pressure in the human. In Beta-Adrenergic Blocking Agents
in the Management of Hypertension and Angina Pectoris, ed. by B.

Magnam, pp. 81-93, Raven, Press, New York, 1974.

680. LYONS, H. J., AND CHURCHILL, P. C.: The influence of ouabain on in vitro
renin secretion. Proc. Soc. Exp. Biol. Med. 145: 1148-1150, 1974.

681. LYONS, H. J., AND CHURCHILL, P. C.: Renin secretion from rat renal cortical
cell suspension. Amer. J. Physiol. 228: 1835-1839, 1975.

682. LYONS, H. J., AND CHURCHILL, P. C.: The influence of ouabain on in vitro

secretion and intracellular sodium. Nephron 14: 442-450, 1975.
682a. LYONS, H. J., AND CHURCHILL, P. C.: The effect of papaverine on in vitro

renin secretion. Proc. Soc. Exp. Bioh. Med. 160: 237-240, 1979.

683. MACDONALD, A. G.: The effect of halothane on renal cortical blood flow in
normotensive and hypotensive dogs. Brit. J. Anesthesiol. 41: 644-655,

1969.
684. MACDONALD, G. W., AND BLACKET, R. B.: Reduction of blood pressure by

puromycin injected selectively into the ischaemic kidney in experimental

renal hypertension. Cardiovasc. Res. 1: 215-218, 1967.
685. MACGREGOR, G. A., AND DAWES, P. M.: Agonist and antagonist effects of

Sar’-Aha8-angiotensin II in salt-loaded and salt-depleted normal man.

Brit. J. Chin. Pharmacol. 3: 483-487, 1976.
686. MAEBASHI, M., MIURA, Y., AND YOSHINAGA, K.: Suppressive effect of

potassium on renin release. Jap. Circ. J. 32: 1265-1268, 1968.
687. MAEBASHI, M., MIURA, Y., AND YOSHINAGA, K.: Plasma remn activity in

pheochromocytoma. Jap. Circ. J. 32: 1427-1432, 1968.

688. MALAYAN, S. A., KEIL, L. C., RAMSAY, D. J., AND REID, I. A.: Mechanism
of supression of plasma renin activity by centrally administered angio-

tensin II. Endocrinology 104: 672-674, 1979.
689. MANCIA, G., DONALD, D. E., AND SHEPHERD, J. T.: Inhibition of adrenergic

outflow to peripheral blood vesseis by vagal afferents from the cardio-
puimonary region in the dog. Circ. Res. 33: 713-721, 1973.

690. MANCIA, G., ROMERO, J. C., AND SHEPHERD, J. T.: Continuous inhibition
of renin release in dogs by vagally innervated receptors in the cardiopul-

monary region. Circ. Res. 36: 529-535, 1975.
691. MANCIA, G., SHEPHERD, J. T., AND DONALD, D. E.: Role of cardiac,

pulmonary and carotid mechanoreceptors in the control of hind limb and

renal circulation in dogs. Circ. Res. 37 : 200-208, 1975.

692. MANNICK, J. A., HUVOS, A., AND HOLLANDER, W. E.: Post-hydralazine
renin release in the diagnosis of renovascular hypertension. Ann. Surg.

170: 409-415, 1969.
693. MANTERO, F., ARMANINI, D., AND BOSCARO, M.: Plasma renin activity and

urinary aldosterone in Cushing’s Syndrome. Hormone Metab. Res. 10:
65-71, 1978.

694. MAO, C. C., JACOBSON, E. D., AND SHANBOUR, L. L.: Mucosal cyclic AMP
and secretion in the dog stomach. Amer. J. Physiol. 225: 894-896, 1973.

695. MARK, A. L., ABBOUD, F. M., AND FIn, A. E.: Influence of how- and high-
pressure baroreceptors on plasma remn activity in humans. Amer. J.

Physiol. 235: H29-H33, 1978.

696. MARKS, A. D., ADLIN, E. V., AND CHANNICK, B. J.: Effect of metyrapone on
plasma ream activity in dogs. Amer. J. Physioh. 221: 1604-1608, 1971.

697. MARKS, B. H., GARBER, G. B., AND MCCOY, F. W.: The juxtaglomerular

apparatus as an extraadrenal site of ACTH action. Proc. Soc. Exp. Biol.
Med. 105: 593-595, 1960.

698. MARSHALL, G. R., VINE, W., AND NEEDLEMAN, P.: Specific competitive
inhibitor of angiotensin II. Proc. Nat. Acad. Sci. U.S.A. 67: 1624-1630,

1970.
699. MARTIN, W. 11., RIEHL, J. L, AND UNNA, K. R.: Chlorpromazine III. The

effects of chiorpromazine and chlorpromazine sulfoxide on vascular re-
sponses to L-epinepherine and levarterenol. J. Pharmacol. Exp. Ther.

130: 37-45, 1960.
700. MA50NI, A., TOMMASI, A. M., BAGGIONI, F., AND BAGNI, B.: Hemodynamic

study in men of medium-term treatment with a new ammno-quinazoline
antihypertensive agent (prazosin). In Prazosin: Evaluation of a New

Hypertensive Agent, ed. by D. W. K. Cotton, pp. 54-63, Excerpts Medics,

Amsterdam, 1974.

701. MASSINGHAM, R., AND HAYDEN, M. L.: A comparison of the effects of
prazosin and hydralazine on blood pressure heart rate and plasma renin

activity in conscious renal hypertensive dogs. Eur. J. Pharmacol. 30:

121-124, 1975.
702. MATSUNAGA, M., YAMAMOTO, J., HARA, A., YAMURI, Y., OGIN0, K. AND

OKAMOTO, K.: Plasma renin and hypertensive vascular complications:
An observation in the stroke-prone spontaneously hypertensive rat. Jap.

Circ. J. 39: 1305-1311, 1975.
703. MAUDE, D. L.: Effects of K and ouabain on fluid transport and cell Na in

proximal tubule in vitro. Amer. J. Physioh. 216: 1199-1206, 1969.
704. MAYBERRY, H. E., VAN DEN BRANDE, J. L., VAN WYK, J. J., AND WADDELL,

W. J.: Early localization of mnl.labelled human growth hormone in
adrenals and other organs of immature hypophysectomized rats. Endo-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 217

crinology 88: 1309-1317, 1971.
705. MCCAA, 11. E.: Aldosterone and blood pressure response to an orally active

inhibitor of angiotensin I converting enzyme (SQ-14,225) in sodium
deficient dogs. IRCS Med. Sci. 5: 207, 1977.

706. MCCAA, 11. E.: Role of the renin-angiotensin system in the regulation of
aldosterone biosynthesis and arterial pressure during sodium defficiency.
Circ. Res. 40: suppl. I, 157-162, 1977.

707. MCCAA, R. E., H�LL, J. E., AND MCCAA, C. S.: The effects of angiotensin
I-converting enzyme inhibitors on arterial pressure and urinary sodium

excretion. Role of the renal renin-angiotensin and kallikrein-kinin sys-

tems. Circ. Res. 43: suppl. I, 32-39, 1978.
708. MCCAA, R. E., MCCAA, C. S., AND GUYTON, A. C.: Role of angiotensin II

and potsssium in the hong-term regulation of aldosterone secretion in

intact conscious dogs. Circ. Res. 36: suppl I, 57-67, 1975.
709. MCCRACKEN, J.: Prostsglandin F�., and corpus luteum regression. Ann.

N.Y. Acad. Sci 180: 456-469, 1971.
710. MCCREDIE, D. A., POWELL, H. R., AND ROTENBERG, E.: Effect of parathy-

mid extract on ream release in the dog. Chin. Sci. Med. 48: 461-463. 1975.

71 1. MCDONALD, K. M., TAHER, S., AISENBREY, G., DETORRENTE, A., AND

SCHRIER, R. W.: Effect of angiotensin II and an angiotensin II inhibitor
on renin secretion in the dog. Amer. J. Physioh. 228: 1562-1567, 1975.

712. MCDONALD, R. H., GOLDBERG, L. I., MCNAY, J. L, AND TUi-I’LE, E. P.:

Effects of dopamine in man: Augmentation of sodium secretion, glomer-

ular filtration rate and renal plasma flow. J. Chin. Invest. 43: 1116-1124,
1964.

713. MCDONALD, W. J., SMITH, G., WooDs, J. W., PERRY, H. M., AND DANIEL-

SON, B. D.: Intravenous diazoxide therapy in hypertensive crisis. Amer.
J. Cardiol. 40: 409-415, 1977.

714. MCGIFF, J. C.: Bartter’s syndrome results from an imbalance of vasoactive
hormones. Ann. Intern. Med. 87: 369-372, 1977.

715. MCGIFF, J. C., CROWSHAW, K., TERRAGNO, N. A., LONIGRO, A. J., STRAND,

J. C., WILLIAMSON, M. A., LEE, J. B., AND NG, K. K. F.: Prostaglandin
like substances appearing in canine renal venous blood during renal

iachemia. Circ. Res. 27: 765-782, 1970.
716. MCGIFF, J. C., AND ITSK0vn’z, H. D.: Prostsglandins and the kidney. Circ.

Res. 33: 479-488, 1973.

717. McGRATh, B. P., LEDINGHAM, J. G. G., AND BENEDICT, C. R.: Plasma
catechohamines and the presser response to Sar’-Ala�-angiotensin II in
man. Chin. Sci. Mol. Med. 53: 341-348, 1977.

718. MCKENNA, 0. C., AND ANGELAKOS, E. T.: Acetyhchohinesterase-contsining
nerve fibers in the canine kidney. Circ. Res. 23: 645-651, 1968.

719. MCKENZIE, J. K., LEE, M. R., AND Coox, W. F.: Effect of hemorrhage on
arterial plasma rena activity in the rabbit. Circ. Res. 19: 269-273, 1966.

720. MCKENZIE, J. K., AND REISIN, E.: Acid-activated renin responses to hy-
drochlorothiazide, propranolol and indomethacin. Chin. Sci. Mol. Med.
55: 151s-153s, 1978.

721. MCKENZIE, J. K., RYAN, J. W., AND LEE, M. R.: Effect of haparotomy on
plasma ream activity in the rabbit. Nature (London) 215: 542-543, 1967.

722. MCPHEE, M. S., AND LAKEY, W. H.: Neurologic release of renmn in mongrel
dogs. Can. J. Surg. 14: 142-147, 1971.

723. MEHTA, J., AND COHN, J. N.: Hemodynamic effects of labetalol, an alpha
and beta adrenergic blocking agent in hypertensive subjects. Circulation
55: 370-375, 1977.

724. MENARD, J., BERTANGA, X., N’GUYEN, P. T., DEGOULET, P,, AND CORVOL,

P.: Rapid identification of patients with essential hypertension resistive
to acebutolol (a new cardioselective bets-blocker). Amer. J. Med. 60:
886-890, 1976.

725. MENARD, J., AND CATT, K. J.: Measurement of renin activity, concentration
and subtrate in rat plasma by radioimmunoassay of angiotensin I. En-
docrinology 90: 422-430, 1972.

726. MENARD, J., MELMEJAC, A., AND MILLIEZ, P.: Influence of diethyhstilbestrol
on the renin-angiotensin system of male rats. Endocrinology 86: 774-
780, 1970.

727. MENDEZ, C., ACEVES, J., AND MENDEZ, 11.: Inhibition of adrenergic cardiac

acceleration by cardiac ghycosides. J. Pharmacoh. Exp. Ther. 131: 191-
198,1961.

728. MEURER, K. A.: Die Bedeutung des sympathico-adrenalen Systems fur die
Reninfreisetzung. Kiln. Wochenschr. 49: 1001-1014, 1971.

729. MEURER, K. A., KLoos, G., HELBER, A., AND KAUFMANN, W.: Uber die
Beeinflussung der Reninfreisetzung durch Chonidin. Kiln. Wochenschr.
54: 261-265, 1976.

730. MEURER, K. A., ROSSKAMP, E., KRAUSE, D. K., AND KAUFMANN, W.:
Stimulatory action of various drugs on plasma renin activity and anglo-

tensin II concentration in normals, patients with arterial hypertension
and congestive heart failure. In Hypertension 72, ed. by J. Genest and E.
Kiow, pp. 140-148, Springer-Verlag, New York, 1972.

731. MEYER, D. K., ABELE, M., AND HEM-rING, G.: Influence of serotonin on
water intake and the renin-angiotensin system in the rat. Arch. Int.
Pharmacodyn. Th#{233}r. 212: 130-140, 1974.

731a. MEYER, D. K., AND BENZING, A.: Studies on the inhibitory effect of
indomethacin and mechofenamate on the adrenalectomy-induced in-

crease in plasma ream concentration. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 309: 25-27, 1979.

732. MEYER, D. K., BOLL, H., LAUTERWEIN, B., AND HERi-FING, G.: Inhibition
of isoprenahine-induced increase in plasma rena concentration by vase-

constrictors. Experientia (Basal) 31: 1071-1072, 1975.

733. MEYER, D. K., AND HERRMANN, M.: Inhibitory effect qf tyramine-induced

release of catecholamines on renin secretion. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 303: 139-144, 1978.

734. MEYER, D. K., AND HERi-rING, G.: Influence of neuronal uptake-blocking
agents on the increase in water intake and in phasma concentrations of

renin and angiotensin I induced by phentohamine and isoprenaline.
Naunyn-Schmiedeberg’s Arch. Pharmacoh. 280: 191-200, 1973.

735. MEYER, D. K., HERS-rING, G., AND MIi-rERMAYER, Cii.: Suppression of

isoprenaline-induced increase in plasma renin concentration by vasocon-

strictors in rats with nonfunctioning macula densa. Naunyn-Schmiede-
berg’s Arch. Pharmacoh. 290: 315-321, 1975.

736. MEYER, D. K., KEMPTER, A., BOLL, H., EISENREICH, M., AND HERTTING,

G.: a-Adrenoceptor-mediated inhibitory effect of the sympathetic nerv-
ous system on the isoprenaline-induced increase in plasma renin concen-

tration. Naunyn-Schmiedeberg’s Arch. Pharmacol. 299: 77-82, 1977.

737. MEYER, D. K., PESKAR, B., TAUCHMANN, U., AND HERi-FING, G.: Potentia-
tion and abolition of the increase in plasma renin activity seen after

hypoteinive drugs in rats. Eur. J. Pharmacoh. 16: 278-282, 1971.
738. MEYER, D. K., RAUSCHER, W., PESKAR, B., AND HERi-FING, G.: The

mechanism of the drinking response to some hypotensive drugs. Acti-

vation of the renin-angiotensin system by direct or reflex-mediated

stimulation of fl-receptor. Naunyn-Schmiedeberg’s Arch. Pharmacoh.

276: 13-24, 1973.
739. MEYER, M. B., AND GOLDBERG, L. I.: Natriuretic effect of papaverine

(Abstract). Fed. Proc. 24: 258, 1965.
740. MEYER, P., MENARD, J., PAPANICOLAOU, N., ALEXANDER, J. M., DEVAUX,

C., AND MILLEZ, P.: Mechanism of ream release following furosemide
diuresis in rabbits. Amer. J. Physiol. 215: 908-915, 1968.

741. MEYER, P., WElL, B., MENARD, J., ALEXANDER, J. M., DEVAUX, C., AND

MILLIEZ, P.: Remn stimulation mechanism in man during natriuresis.
Rev. Can. Biol. 27: 21-28, 1968.

742. MICHELAKIS, A. M.: Effect of sodium and calcium on renin release in vitro.

Proc. Soc. Exp. Bioh. Med. 137: 833-836, 1971.
743. MICHELAKI5, A. M.: The effect of angiotensin on renin production and

release in vitro. Proc. Soc. Rip. Bioh. Med. 138: 1106-1108, 1971.
744. MICHELAKIS, A. M., CAUDLE, J., AND LIDDLE, G. W.: In vitro stimulation

of renin production by epinephrine, norepinephrine and cyclic AMP.

Proc. Soc. Exp. Biol. Med. 130: 748-753, 1969.
745. MICHELAKI5, A. M., AND MCALLISTER, R. G.: The effect of chronic adre-

nergic receptor blockade on plasma renin activity in man. J. Chin Endo-

crinoh. Metsb. 34: 386-394, 1972.
746. MICHELAKIS, A. M., AND MIzUK0SHI, H.: Distribution and disappearance

rate ofrenin in man and dog. J. Clin. Endocrinol. Metab. 33: 27-34, 1971.

747. MICHELAKIS, A. M., AND ROBERTSON, D.: Plasma renin activity and levo-
dopa in Parkinson’s disease. J. Amer. Med. Ass. 213: 83-85, 1970.

748. MILLER, E. D., JR., ACKERLY, J. A., AND PEACH, M. J.: Blood pressure
support during general anesthesia in a renin-dependent state in the rat.

Anesthesiology 48: 404-408, 1978.
749. MILLER, E. D., JR., ACKERLY, J. A., VAUGHAN, E. D., JR., PEACH, M. J.,

AND EPSTEIN, R. M.: The renin-angiotensin system during controlled
hypotension with sodium nitroprusside. Anesthesiology 47: 257-262,

1977.

750. MILLER, E. D., JR., BAILEY, D. R., KAPLAN, J. A., AND ROGERS, P. W.: The
effect of ketamine on the renin-angiotensin system. Anesthesiology 42:
503-505, 1975.

751. MILLER, E. D., JR., LONGNECKER, D. E., AND PEACH, M. J.: The regulatory
function of the renin-angiotensin system during general anesthesia. Anes-

thesiohogy 48: 399-403, 1978.
752. MILLER, E. D., JR., SAMUELS, A. I., HABER, E., AND BARGER, A. C.:

Inhibition of angiotensin conversion and prevention of renal hyperten-

sion. Amer. J. Physiol. 228: 448-453,1975.
753. MILLER, P. D., WATERHOUSE, C., OWENS, R., AND COHEN, E.: The effect

of potassium loading on sodium excretion and plasma renin activity in

Addisonian man. J. Clin. Invest. 56: 346-353, 1975.
754. MILLER, W. L., THOMAS, R. A., BERNE, 11. M., AND RUBIO, 11.: Adenosine

production in the ischemic kidney. Circ. Res. 43: 390-397, 1978.

754a. MIMRAN, A., GUIOD, L., AND HOLLENBERG, N. K.: The role of angiotensin
in the cardiovascular and renal response to salt restriction. Kidney Int.

5: 348-355, 1974.

755. MITCHELL, S., POYSER, N. L, AND WILSON, H. N.: Effect of p-bromophen-
acyh bromide, an inhibitor of phosphohipase A, on arachidonic acid
release and prostsglandin synthesis by the guinea-pig uterus in vitro.

Brit. J. Pharmacoh. 59: 107-113, 1977.
756. MODLINGER, R. S., SCHONMULLER, J. M., AND ARORA, S. P.: Stimulation

of aldosterone, renin and cortisoh by tryptophan. J. Chin. Endocrinol.
Metsb. 48: 599-603, 1979.

757. MOGIL, R. A., ITSKOVITz, H. D., RUSSEL, J. H., AND MURPHY, J. J.: Renal
innervation and renin activity in salt metabolism and hypertension.

Amer. J. Physioh. 216: 693-697, 1969.
758. MOHAMMAD, G., DISCALA, V., AND STEIN, R. M.: Effects of chronic sodium

depletion on tubular sodium and water reabsorption in the dog. Amer. J.

Physiol. 227: 469-476. 1974.

759. MOHAMMED, S., FANoL�, A. F., PRIVITERA, P. J., LIPICKY, R. J., MARTZ, B.
L., AND GAFFNEY, T. E.: Effect of methyhdopa on plasma renin activity

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


218 KEETON AND CAMPBELL

in man. Circ. Res. 25: 543-548, 1969.

760. MOHAMMED, S., HANENSON, I. B., MAGENHEIM, H. G., AND GAFFNEY, T.

E.: The effe#{233}tsof alpha-methyldopa on renal function in hypertensive
patients. Amer. Heart J. 76: 21-27, 1968.

761. MOHRING, J., MOHRING, B., PETRI, M., AND HAACK, D.: Vasopressor role
of ADH in the pathogenesis of malignant DOC hypertension. Amer. J.

Physiol. 232: F260-269, 1977.

762. MOODY, T. E., VAUGHAN, E. D., JR., WYKER, A. T., AND GILLENWATER, J.

Y.: The role of intrarenal angiotensin II in the hemodynamic response to
unilateral obstructive uropathy. Invest. Uroh. 14: 390-397, 1977.

763. MOOKERJEE, S., EICH, 11. H., OBEID, A. I., AND SMULYAN, H.: Hemody-
namic and plasma renin effects of propranohol in essential hypertension.

Arch. Intern. Med. 137: 290-295, 1977.

764. MOORE, A. F., HALL, M. M., AND KHAIRALLAH, P. A.: A comparison of the

effects of angiotensin II and heptapeptide on smooth muscle (vascular

and uterine). Eur. J. Pharmacoh. 39: 101-107, 1976.

765. MOORE, G. K., AND HooK, J. B.: Hemodynamic effects of furosemide in

isolated perfused rat kidneys. Proc. Soc. Exp. Bioh. Med. 158: 354-358,

1978.
766. MOORE, S. B., AND GooDWIN, F. J.: Effect of bets-adrenergic bhockade on

phasma-renin activity and intractable hypertension in patients receiving

regular dialysis treatment. Lancet 1: 67-70, 1976.
767. MORGAN, T. 0., ROBERTS, 11., CARNEY, S. L., LOUIS, W. J., AND DOYLE, A.

E.: Beta-adrenergic receptor blocking drugs, hypertension and plasma

renin. Brit. J. Pharmacoh. 2: 159-164, 1975.
768. MORGANTI, A., LEONETFI, G., TERZOLO, L., BERNASCONI, M., AND ZAN-

CHETFI, A.: Dosaggio dell’attivita reninica plasmatica nelle vene renali
nell’ ipertensione arteriosa essenziale e nefrovascolare: effetto

dell’infusione di trimetafano. Boll. Dell. Soc. Itsh. Cardiol. 20: 1159-1167,

1975.
769. MORIM0T0, S., YAMAMOTO, K., HORIUCHI, K., TANAKA, H., AND UEDA, J.:

A release of renin from dog kidney cortex slices. Jap. J. Pharmacol. 20:
536-545, 1970.

770. MORKRID, L., OFSTAD, J., AND WILLASSEN, Y.: Diameter of afferent arte-
rioles during autoregulation estimated from microsphere data in the dog

kidney. Circ. Res. 42: 181-191, 1978.
771. MORRIS, B. J., NIXON, R. L., AND JOHNSTON, C. I.: Release of renin from

glomeruli isolated from rat kidney. Clin. Exp. Pharmacol. Physiol. 3: 37-

47, 1976.
77la. MORRIS, B. J., REID, I. A., AND GANONG, W. F.: Inhibition by a-adreno-

ceptor agonists of renin release in vitro. Eur. J. Pharmacol. 59: 37-45,
1979.

772. MOYER, J. H., HANDLEY, C. A., AND HUGGINS, 11. A.: Some pharmacody-
namic effects of 1-hydrazinophthalazine (C-5968), with particular refer-

ence to renal function and cardiovascular response. J. Pharmacol. Exp.

Ther. 103: 368-376, 1951.

773., MUIESAN, G., AGABITI-ROSEI, E., AND BENTIVOGLIO, M.: Effects of meth-
yldopa on blood pressure and plasma renin activity in hypertensive

patients at rest and during exercise. In Concepts in the Treatment of
Hypertension, pp. 69-73, Excerpts Medica, Amsterdam, 1977.

774. MUIESAN, G., ALICANDRI, C., AGABITI-ROSEI, E., MOTOLESE, M., AND

VALORI, C.: Effect of oxprenolol on catecholamines and plasma renin
activity: Acute response to furosemide in hypertensive patients. Chin.

Sci. Mol. Med. 48: 85s-88s, 1975.

775. MURIHEAD, E. E., PREWITF, R. L., JR., BROOKS, B., AND BROSIUS, W. L,
JR.: Antihypertensive action of the orally active converting enzyme

inhibitor (SQ14,225) in spontaneously hypertensive rats. Cir. Res. 43:

Suppl., 53-59, 1978.
776. MULLER, J., AND BARAJAS, L.: Electron microscopic and histochemical

evidence for a tubular innervation in the renal cortex of the monkey. J.

Ultrastruct. Res. 41: 533-549, 1972.
777. MULROW, P. J., AND NOTH, R.: The role of renin in the control of blood

pressure in the normotensive man. Progr. Biochem. Pharmacol. 12: 163-

169, 1976.

778. MULVEHILL, J. B., HUI, Y. S., BARNES, L. D., PALUMBO, P. J., AND DOUSA,

T. P.: Glucagon sensitive adenyh cyclase in human renal medulla. J. Clin.
Endocrinol. Metsb. 42: 380-384, 1976.

779. MURPHY, G. P., HOMSY, E. G., AND Scorr, W. W.: Evaluation of pharma-

cohogically induced renal vasodilation. J. Surg. Res. 5: 525-537, 1965.
780. MURTHY, V. S., WALDRON, T. L., GOLDENBERG, H. J., AND H�itRIs, D. N.:

Enhancement of SQ 14,225 (D-3-mercapto-2-methylpropanoyl-L-pro-
line)-induced inhibition of the presser response to angiotensin I (Al) by
angiotensin II (All) and Nadolol (N) in conscious rabbits (Abstract).

Fed. Proc. 37: 718, 1978.

781. MUVFERFERL, R. E., DIAMOND, F. B., AND LOWENTHAL, D. T.: Long-term
effects of minoxidil in the treatment of malignant hypertension in chronic

renal failure. Clin. Pharmacol. 16: 498-509, 1976.
782. NAP-FILAN, A. J., AND OPARIL, S.: Inhibition ofrenin release from rat kidney

slices by the angiotensins. Amer. J. Physiol. 235: F62-F68, 1978.

783. NASH, F. D., ROSTERFA, H. H., BAILIN, M. D., WATHERN, W. L., AND

SCHNEIDER, E. G.: Renin release: Relation to renal sodium load and

dissociation from hemodynamic changes. Circ. Res. 22: 473-487, 1968.
784. NASJLEi-FI, A., AND MASSON, G. M. C.: Effect of corticosteroids on plasma

angiotensinogen and renin activity. Amer. J. Physiol. 217: 1396-1400,

1969.

784a. NASJLETFI, A., AND MASSON, G. M. C.: Stimulation of angiotensinogen
formation by renin and angiotensin. Proc. Soc. Exp. Biol. Med. 142: 307-
310, 1973.

785. NASJLETFI, A., MATSUNAGA, M., AND MASSON, G. M. C.: Effects of sex
hormones on the renal pressor system. Can. J. Physiol. Pharmacol. 49:

292-301, 1971.
786. NATCHEFF, N., LOGOFETOV, A., AND TZANEVA, N.: Hypothalamic control

of plasma renin activity. Pfl#{252}gers Arch. Eur. J. Physiol. 371: 279-293,

1977.
787. NAUGHTON, R. J., BERTONCELLO, I., AND SKINNER, S. L.: Abolition of the

renin releasing action of furosemide by acute renah denervation in dogs.

Chin. Exp. Pharm. Physiol. 2: 213-227, 1975.

788. NAVAR, L G., BURKE, T. J., ROBINSON, R. R., AND CLAPP, J. R.: Distal
tubular feedback in the autoregulation of single nephron ghomerular

filtration rate. J. Chin. Invest. 53: 516-525, 1974.

789. NAVAR, L G., AND LANGFORD, H. D.: Effects of angiotensin on the renal
circulation. In Angiotensin, Handbook of Experimental Pharmacology,
vol. 37, ed. by I. H. Page and F. M. Bumpus, pp. 455-474, Springer-
Verlag, New York, 1974.

789a. NETTER, F. H.: In Kidneys, Ureters, and Urinary Bladder. The Ciba
Collection of Medical Illustrations, vol. 6, ed. by R. K. Shapter and F. F.

Yonkman, p. 7, Ciba Pharmaceutical Co., Summit, N. J., 1973.
790. NEWSOME, H. H., AND BARI-FER, F. C.: Plasma renin activity in relation to

serum sodium concentration and body fluid balance. J. Clin. Endocrinol.

Metsb. 28: 1704-1711, 1968.
791. NEWTON, M. A., AND LARAGH, J. H.: Effect of corticotropin on aldosterone

excretion and plasma renin in normal subjects, in essential hypertension

and in primary aldosteronism. J. Chin. Endocrinol. Metsb. 28: 1006-1013,

1968.
792. NEWTON, M. A., AND LARAGH, J. H.: Effects of glucocorticoid administra-

tion on aldosterone excretion and plasma renin in normal subjects, in
essential hypertension and in primary aldosteronism. J. Clin. Endocrinol.

Metab. 28: 1014-1022, 1968.
793. NIARCHOS, A. P., BAER, L., AND RADICMEVICH, I.: Role of ream and

aldosterone suppression in the antihypertensive mechanism of clonidine.

Amer. J. Med. 65: 614-618, 1978.

794. NICHOLLS, M. G., ESPINER, E. A., AND DONALD, 11. A.: Aldosterone and
renin-angiotensin responses to stimuli in patients with treated congestive

heart failure. J. Lab. Chin. Med. 87: 1005-1015, 1976.
795. NICKERSON, M., AND RUEDY, J.: Antihypertensive agents and the drug

therapy of hypertension. In The Pharmacological Basis of Therapeutics,

5th ed., ed. by L. S. Goodman and A. Gilman, pp. 705-726, Macmillan

Co., New York, 1965.
796. NEILSEN, C. K., AND ARRIGONI-MARTELLI, E.: Effects on rat urinary

kalikrein excretion of bumetanide, bendroflumethiazide and hydralazine.
Acts Pharmacol. Toxicol. 40: 267-272, 1977.

797. NIELSEN, C. K., OLSEN, U. B., ANHFELT-RONNE, I., AND ARRIGONI-MAR-

TELLI, E.: Investigation on the antihypertensive activity of timoloh and
bendroflumethiazide and the combination in dogs and rats. Acts Phar-
macoh. Toxicol. 39: 500-512, 1976.

798. NIELSEN, I., CLAUSEN, E., AND JENSEN, G.: Phasma renin activity after
allogenic kidney transplantation in man. Acts Med. Scand. 188: 355-359,
1970.

799. NIELSEN, I., STEINESS, E., AND HESSE, B.: Plasma renin activity and blood
pressure during long-term treatment with propranolol and diuretic. Acts

Med. Scand., suppl. 602: 97-101, 1977.
800. NIE5, A. S., MCNEIL, J. S., AND SCHRIER, R. W.: Mechanisms of increased

sodium reabsorption during propranolol administration. Circulation 44:
596-604, 1971.

801. NII.ssoN, 0.: The adrenergic innervation of the kidney. Lab Invest. 14:
1392-1395, 1965.

802. NINOMIYA, I., NISIMARU, N., AND IRISWAW, H.: Sympathetic nerve activity
to the spleen, kidney and heart in response to baroreceptor input. Amer.

J. Physioh. 221: 1346-1351, 1971.

803. NOLAN, P. L., AND REID, I. A.: Mechanism of suppression of renin secretion
by chonidine in the dog. Circ. Res. 42: 206-21 1, 1978.

804. N0LLY, H. L., REID, I. A., AND GANONG, W. F.: Effect of adrenergic agents
on renin release in vitro (Abstract). Fed. Proc. 33: 253, 1974.

805. NOLLY, H. L., REID, I. A., AND GANONG, W. F.: Effect of theophylline and
adrenergic blocking drugs on the renin response to norepinephrine in

vitro. Circ. Res. 35: 575-579, 1974.

806. NOORDEWIER, B., BAILIE, M. D., AND HooK, J. B.: Effects of indomethacin
and tolmetin on furosemide-induced changes in renin release. Proc. Soc.

Bioh. Med. 159: 180-183, 1973.

807. NORBIATO, G., BEVILACQUA, M., RAGGI, U., Mlcossl, P., M0R0NI, C., AND

FAS0LI, A.: Effect of prostaglandin synthetase inhibitors on renin and
aldosterone in man on a normal or low sodium diet. Acts Endocrinol. 87:

577-588, 1978.

808. NORBY, L, LENTZ, R., FLAMENBAUM, W., AND RAMWELL, P.: Prostaglan-
dins and aspirin therapy in Bartter’s Syndrome. Lancet 2: 604-606, 1976.

809. NORMAN, N., SUNDSFJORD, J. A., AND STIRIS, G.: Effective renal plasma
flow (ERPF) of the individual kidney and renal venous renin activity
(RVRA) determined simultaneously before and after the administration

of dihydralazine in renovascuhar hypertension. Scand. J. Chin. Lab.

Invest. 35: 219-229, 1975.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 219

810. NORTHOVER, B. J.: Indomethacin-a calcium antagonist. Gen. Pharmacol.
8: 293-296, 1977.

810a. NOTH, R. H., MCCALLUM, R. W., CONTINO, C., AND HAVELICK, J.: Tonic

dopaminergic suppression of plasma aldosterone. J. Clin. Endocrinol.
Metsb. 51: 64-69, 1980.

811. NOTH, R. H., TAN, S. Y., AND MULROW, P. J.: Effects of angiotensin II

blockade by sarahasin in normal man. J. Chin. Endocrinoh. Metab. 45:
10-15, 1977.

812. NUSSBERGER, J., VEi-FER, W., KARYENBUHL, H. P., SIEGENTHALER, W.:
Einfluss der f1-Rezeptoren-Behandlung mit Pindohoh auf die Plasmaren-
inaktivitat und die hinksventrikulare Dynamik bei essentieller Hyper-

tonie. Schweiz. Med. Wochenschr. 105: 1462-1464, 1975.
813. OATES, H. F., FRETFEN, J. A., AND STOKES, G. S.: Disappearance rate of

circulating renin after bilateral nephrectomy in the rat. Chin. Exp. Phar-

macol. Physiol. 1: 547-549, 1974.

814. OATES, H. F., GRAHAM, R. M., AND STOKES, G. S.: Mechanism of the
hypotensive action of prazosin. Arch. Int. Pharmacodyn. Th#{233}r.227 : 190-
197, 1977.

815. OATES, H. F., STOKER, L. M., MACCARTHY, E. P., MONAGHAN, J. C., AND

STOKES, G. S.: Comparative haemodynamic effects of chonidine and
guanfacine. Arch. Int. Pharmacodyn. Th#{233}r.231: 148-156, 1978.

816. OATES, H. F., STOKER, L M., MONAGHAN, J. C., AND STOKES, G. S.: The
beta-adrenoreceptor controlling renin release. Arch. Int. Pharmacodyn.
Th#{233}r.234: 205-213, 1978.

817. OATES, H. F., AND STOKES, G. S.: Renin stimulation caused by blood
collection techniques in the rat. Chin. Exp. Pharmacol. Physiol. 1: 495-
501, 1974.

818. OATES, H. F., STOKES, G. S., AND GLOVER, R. G.: Plasma renin response to
acute blockade of angiotensin II in the anesthetized rat. Clin. Exp.
Pharmacol. Physiol. 1: 155-160, 1974.

819. OATE5, J. A., GILLESPIE, L., JR., UNDENFRIEND, S., AND SJOERDSMA, A.:
Decarboxyhase inhibition and blood pressure reduction by a-methyl-3,4-
dihydroxy-DL-phenyhalanine. Science 131: 1890-1891, 1960.

820. OBERLING, C. 11., AND HATr, P. Y.: Etude de h’appareil juxtaglomerulaire
du rat au microscopie electronique. Ann. Anat. Pathol. 5: 441-473, 1960.

821. OELKERS, W., BLUMEL, A., SCHONESHOFER, M., SCHWARTZ, U., AND HAM-

MERSTEIN, J.: Effects of ethynylestradiol on the renin-angiotensin-aldos-
terone-system and on plasma transcortin in women and men. J. Chin.
Endocrinoh. Metab. 43: 1036-1040, 1976.

822. OELKERS, W., MAGNUS, R., AND SAMWER, K. J.: Das Verhalten der Plas-
mareninkonzentration nach akuter Natriurese und nach Orthostatse bei
Gesunden und Hypertonikern. Kim. Wochenscher. 48: 598-607, 1970.

823. OELKERS, W., MALZAHN, M., SAMWER, K. F., KREISER, H., AND KUTSCHKE,

H.: Reninabgabe aus Nierenschnitten in Abhangigkeit von der Ehektro-
lytzusammenstezung des Mediums. Pfl#{252}gersArch. Eur. J. Physiol. 321:
67-82, 1970.

824. OELKERS, W., AND SCHONESHOFER, M.: Effect of norethisterone-acetate on
salt excretion and on the renin-aldosterone system in man. KIm. Woch-
enschr. 55: 289-290, 1977.

825. OELKERS, W., SCHONESCHOFER, M., AND BLUMEL, A.: Effects of progester-
one and four synthetic progestagens on sodium balance and the renin-

aldosterone system in man. J. Clin. Endocrinol. Metab. 39: 882-890,
1974.

826. OGIHARA, T., HATA, T., MutaMI, H., MANDAI, T., AND KUMAHARA, Y.:
Effect of two angiotensin II analogues on blood pressure in normal
subjects with various sodium balances. Life Sci. 20: 1855-1862, 1977.

827. OGURO, K., AND HASHIMOTO, K.: Quantative and comparative studies of
pharmacological features in the coronary, femoral and renal circulations
with different coronary vasodilators. Jap. J. Pharmacol. 24: 227-233,
1974.

828. OKAHARA, T., ABE, Y., AND YAMAMOTO, K.: Effects of dibutyryh cyclic
AMP and propranohol on renin secretion in dogs. Proc. Soc. Exp. Bioh.
Med. 156: 213-218, 1977.

829. OLIW, E., ANGGARD, E., AND FREDHOLM, B. B.: Effect of indomethacin on
the renal actions of theophylline. Eur. J. Pharmacoh. 43: 9-16, 1977.

830. OLIW, E., KOVER, G., LARSSON, C., AND ANGGARD, E.: Reduction by

indomethacin of furosemide effects in the rabbit. Eur. J. Pharmacoh. 38:

95-100, 1976.

831. OLMSTEAD, A., AND PAGE, I. H.: Hemodynamic changes in dogs caused by
sodium pentobarbital anesthesia. Amer. J. Physiol. 210: 817-820, 1966.

832. OLsEN, U. B.: Prostaglandin/kinin activity related to changed renal com-
phiance after bumetanide in dogs. Acts Pharmacol. Toxicoh. 40: 430-438,

1977.
833. OLsEN, U. B.: Prostsghandin mediated natriuresis during glucagon infusion

in dogs. Acts Endocrinol. 84: 429-438, 1977.

834. OLSEN, U. B.: The pharmacology of bumetanide. Acts Pharmacol. Toxicol.

41:supph. III, 1-31, 1977.
835. OLSEN, U. B., AND AHNFELT-RONNE, I.: Bumetanide induced increase of

renal bhood flow in conscious dogs and its rehation to local renal hormones
(PGE, kalhikrein and renin). Acts Pharmacol. Toxicol. 38: 219-228, 1976.

836. OLsEN, U. B., MAGNUSSEN, M. P., AND EILERTSEN, E.: Prostaglandins, a
link between renal hydro- and hemodynamics in dogs. Acts Physioh.

Scand. 97: 369-376, 1976.
837. O’MALLEY, K., VELASCO, M., WELLS, J., AND MCNAY, J. L.: Control plasma

renin activity and changes in sympathetic tone as determinants of

minoxidil-induced increase in plasma renin activity. J. Chin. Invest. 55:

230-235, 1975.
838. O’MALLEY, K., VELASCO, M., WELLS, J., AND MCNAY, J. L.: Mechanism of

the interaction of propranolol and a potent vasodihator antihypertensive

agent-minoxidil. Eur. J. Chin. Pharmacoh. 9: 355-360, 1976.
839. OMVIK, P., ENGER, E., AND EIDE, I.: Effect of sodium depletion on plasma

renin concentration before and during adrenergic bets-receptor blockade

with propranohol in normotensive man. Amer. J. Med. 61: 608-614, 1976.

840. ONDEi-FI, M. A., RUBIN, B., AND CUSHMAN, D. W.: Design of specific
inhibitors of angiotensin-converting enzyme: A new chass of orally active

antihypertensive agents. Science 196: 441-444, 1977.
841. ONDETTI, M. A., WILLIAMS, N. J., SABO, E. F., PLUSCEC, J., WEAVER, E.

R., AND KOCY, 0.: Angiotensin-converting enzyme inhibitors from the
venom of Bothrops jararaca. Isolation, elucidation of structure, and

synthesis. Biochemistry 10: 4033-4039, 1971.
842. ONESTI, G., BREST, A. N., NOVACK, P., KASPARIAN, H., AND MOYER, J. H.:

Pharmacodynamic effects of aipha-methyldopa in hypertensive subjects.
Amer. Heart J. 67: 32-38, 1964.

843. ONESTI, G., SCHWARTZ, A. B., KIM, K. E., P*.z-M*.wrlNaz, V., AND SWARTZ,

C.: Antihypertensive effect of clonidine. Circ. Res. 29/29:supph. II, 53-
69, 1971.

844. OPARIL, S., EHRLICH, E. N., AND LINDHEIMER, M. D.: Effect of progesterone
on renal sodium handling in man: Relation to aldosterone excretion and

plasma renin activity. Clin. Sci. Mol. Med. 49: 139-147, 1975.
845. OPARIL, S., ERINOFF, L., AND CUTILLETFA, A.: Catecholamines, blood

pressure, renin and myocardial function in the spontaneously hyperten-

sive rat. Clin. Sci. Moh. Med. 51: 445s-459s, 1976.

846. OPARIL, S., VASSAUX, C., SANDERS, C. A., AND HABER, E.: Rohe of renin in
acute postural homeostasis. Circulation 41: 89-95, 1970.

847. OSBORN, J. L., HooK, J. B., AND BAILIE, M. D.: Control of renin release.
Effects of d-propranohol and renal denervation on furosemide-induced

rena release in the dog. Circ. Res. 41: 481-486, 1977.
848. O5B0RN, J. L., NOORDEWIER, B., HooK, J. B., AND BAILIE, M. D.: Mecha-

nism of prostaghandin E2 stimulation of ream secretion. Proc. Soc. Exp.

Biol. Med. 159: 249-252, 1978.
849. OSSWALD, H.: Renal effects of adenosine and their inhibition by theophyl-

line in dogs. Naunyn-Schmiedeberg’s Arch. Pharmacoh. 288: 79-86, 1975.

850. OSSWALD, H., HAWLINA, A., CLASEN, U., HEIDENREICH, 0.: Tissue levels
of cyclic nucheotides in the rat after adminstration of furosemide. Nau-

nyn-Schmiedeberg’s Arch. Pharmacol. 299: 273-275, 1977.
851. OSSWALD, H., SCHMITZ, H.-J., AND HEIDENREICH, 0.: Adenosine response

of the rat kidney after saline loading, sodium restriction, and hemor-

rhagia. Pfl#{252}gers Arch. Eur. J. Physiol. 357: 323-333, 1975.

852. OSSWALD, H., SCHMITZ, H.-J., AND KEMPER, R.: Tissue content of adeno-
sine, inosine and hypoxanthine in the rat kidney after ischemia and

postischemic recirc.ulation. Pfl#{252}gersArch. Eur. J. Physioh. 371: 45-49,
1977.

853. OSSWALD, H., SCHMITZ, H.-J., AND KEMPER, R.: Renal action of adenosine:
Effect on renin secretion in the rat. Naunyn-Schmiedeberg’s Arch. Phar-

macol. 303: 95-99, 1978.
854. OSSWALD, H., SPIELMAN, W. S., AND KNOX, F. G.: Mechanism of adenosine-

mediated decreases in glomerular filtration rate in dogs. Circ. Res. 43:

465-469, 1978.
855. OTSUKA, K., ASSAYKEEN, T. A., AND GANONG, W. F.: Effect of aortic

constriction on renin secretion in normal and hypophysectomized dogs.

Endocrinology 81: 1413-1414, 1967.
856. OTSUKA, K., ASSAYKEEN, T. A., GOLDFEIN, A., AND GANONG, W. F.: Effect

of hypoglycemia on plasma renin activity in dogs. Endocrinology 87:

1306-1317, 1970.
857. OVERTURF, M., DRUILMET, R. E., AND KIRKENDALL, W. M.: Effect of

human kidney lipids on human kidney renin activity. Biochem. Phar-

macoh. 25: 2443-2453, 1976.
858. OWEN, T. L., EHRHART, I. C., WEIDNER, W. J., Scorr, J. B., AND HADDY,

F. J.: Effects of indomethacin on local blood flow regulation in canine
heart and kidney. Proc. Soc. Exp. Biol. Med. 149: 871-876, 1975.

859. PACE-ASCIAK, C., AND NASHAT, M.: Catabolism of an isolated, purified
intermediate of prostaglandin biosynthesis by regions of the adult rat

kidney. Biochim. Biophys. Acts 388: 243-253, 1975.

860. PADFIELD, P. L, ALLISON, M. E. M., BROWN, J. J., LEVER, A. F., LUKE, R.
G., ROBERTSON, C. C., ROBERTSON, J. I. S., AND TREE, M.: Effect of
intravenous furosemide on plasma renin concentration: Suppression of

response in hypertension. Clin. Sci. Mol. Med. 49: 353-358, 1975.
861. PAGE, I. H., AND HELMER. 0. M.: A crystalline presser substance, anglo-

tensin, resulting from the reaction between ream and remn activator. J.
Exp. Med. 7 1: 29-42, 1940.

862. PAK, C. H., MATSUNAGA, M., YAMAMOTO, J., KIRA, J., OGIN0, K., AND

KAWAI, C.: Effect of propranolol on blood pressure and plasma renin
concentration in renovascular hypertensive rats. Jap. Heart. J. 18: 392-
397, 1977.

863. PALAIC, D., AND KHAIRALLAH, P. A.: Effect of angiotensin on uptake and
release of norepinephrine by brain. Biochem. Pharmacoh. 16: 2291-2298,

1967.
864. PALAZZOADRIANO, M., ALBANO, V., BELLANCA, L., LATrERI, S., AND

VALDES, L.: Drug-induced variations of the renin-angiotensin-aldoster-
one system in rats. I. Diuretics. Pharmacol. Res. Commun. 9: 939-953,

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


220 KEETON AND CAMPBELL

1977.
865. PALAZZOADRIANO, M., ALBANO, V., BELLANCA, L, LAi-rERI, S., AND

VALDES, L.: Drug-induced variations of the renin-angiotensin-aldoster-

one system in rats. II. Antihypertensives. Pharmacol. Rag. Commun. 9:
955-970, 1977.

866. PALAZZOADRIANO, M., ALBANO, V., BELLANCA, L, LATFERI, S., VALDES,

L., AND MANGIAMELI, S.: Modifications induced in the renin-angiotensin-
aldosterone system of rats by alpha-blocking drugs. Pharmacol. Res.
Commun. 10: 925-937, 1978.

867. PALKOVITS, M., DEJONG, W., VAND DER WAL, B., AND DEWIED, D.: Effect
of adrenocorticotrophic and growth hormones on aldosterone production
and plasma renin activity in chronically hypophysectomized sodium-

deficient rats. J. Endocrinoh. 47: 243-250, 1970.
868. P*.u�s.s, K. G., HOLZWARTH, G. J., STERN, M. P., AND LUCAS, C. P.: The

effect of conjugated estrogens on the renin-angiotensin system. J. Chin.
Endocrinol. Metsb. 44:1061-1068, 1977.

869. PsLs, D. T.: Hypotensive effect of clonidine during sodium depletion in the

rat. Circ. Res. 37: 795-801, 1975.
870. PALS, D. T., AND MASUCCI, F. D.: Plasma renin and the antihypertensive

effect of 1-sar-8-ala-angiotensin II. Eur. J. Pharmacoh. 23: 115-119, 1973.
871. PALS, D. T., MASUCCI, F. D., DENNING, G. S., JR., SIpos, F., AND FESSLER,

D. C.: Role of the preasor action of angiotensin II in experimental
hypertension. Circ. Res. 29: 673-681, 1971.

872. PALS, D. T., MASUCCI, F. D., Slpos, F., AND DENNING, G. S.: Specific
competitive antagonist of the vascular action of angiotensin II. Circ. Res.
29: 664-672, 1971.

873. PARK, C. S., AND MALVIN, 11. L.: Calcium in the control of renin release.
Amer. J. Physiol. 235: F22-F25, 1978.

874. PARRA-CARRILLO, J. Z., BAER, L, AND RADICHEVICH, I.: Angiotensin II
(All) blockade: Evidence for baroreceptor mediated renin release and
sodium balance (Abstract). Ninth Annual Meeting of the American
Society of Nephrologists, Nov. 21-23, 1976, Washington, D. C.

875. PASse, S. S., ASSAYKEEN, T. A., GOLDFIEN, A., AND GANONG, W. F.: Effect
of a- and fl-adrenergic blocking agents on the increase in renin secretion

produced by stimulation of the medulla oblongats in dogs. Neuroendo-

crinology 7: 97-104, 1971.

876. PAsse, S. S., ASSAYKEEN, T. A., OTSUKA, K., WISE, B. L, GOLDFIEN, A.,
AND GANONG, W. F.: Effect of stimulation of the medulla oblongats on
renin secretion in dogs. Neuroendocrinology 7: 1-10, 1971.

877. PATAK, R. V., MOOKERJEE, B. K., BENTZEL, C. J., HYSERT, P. E., BABE,J,

M., AND LEE, J. B.: Antagonism of the effects of furosemide by indo-
methacin in normal and hypertensive man. Prostaglandins 10: 649-659,
1975.

878. PEACH, M. J.: Renin-angiotensin system: Biochemistry and mechanisms of

action. Physioh. Rev. 57: 313-370, 1977.
879. PEACH, M. J., CLINE, W. H., AND WATFS, D. T.: Release of adrenal

catechohamines by angiotensin II. Circ. Res. 19: 571-575, 1966.
880. PEACH, M. J., SARSTEDT, C. A., AND VAUGHAN, E. D., JR.: Changes in

cardiovascular and adrenal cortical responses to angiotensin III induced
by sodium depletion in the rat. Circ. Has. 3S:suppl. II, 117-121, 1976.

881. PEART, W. S.: The renin-angiotensin system. Pharmacol. Rev. 17: 144-182,
1965.

882. PEART, W. S., QUESADA, T., AND TENYI, I.: The effects of cyclic adenosine
3’,S’-monophosphate and guanosine 3’,S’-monophosphate and theophyl-
line on ream secretion in the isolated perfused kidney of the rat. Brit. J.
Pharmacol. 54: 55-60, 1975.

883. PEART, W. S., QUESADA, T., AND TENYI, I.: Effects of EDTA and EGTA on
renin secretion. Brit. J. Pharmacol. 59: 247-252, 1977.

884. PEDERSON, E. B., AND KORNERUP, H. J.: Plasma renin concentration and
essential hypertension during bets-adrenergic blockade and vasodilator
therapy. Eur. J. Clin. Pharmacoh. 12: 93-96, 1977.

885. PELLETIER, C. L., AND SHEPHERD, J. T.: Relative influence of carotid
baroreceptors and muscle receptors in the control of renal and hindlimb
circulations. Can. J. Physiol. Pharmacol. 53: 1042-1049, 1975.

886. PEREZ, G. 0., OSTER, J. R., VAAMONDE, C. A., AND KATZ, F. H.: Effect of
NH�Cl on plasma aldosterone, cortisol and renin activity in supine man.
J. Chin. Endocrinol. Metab. 45: 762-767, 1977.

887. PESKAR, B., MEYER, D. K., TAUCHMANN, U., AND HERS-rING, G.: Influence
of isoproterenoh, hydralazine and phentolamine on ream activity of
plasma and renal cortex of rats. Eur. J. Pharmacol. 9: 394-396, 1970.

888. PETER, S., AND MOHRING, J.: The juxtaglomerular apparatus of rats with
hereditary hypothalamic diabetes insipidus. Cell Tiss. Res. 188: 335-339,

1978.
889. PETTINGER, W. A.: Anesthetics and renin-angiotensin-aldosterone axis.

Anesthesiology 48: 393-396, 1978.
890. PEVFINGER, W. A., AUGUSTO, L, AND LEON, A. S.: Alteration of renin

release by stress and adrenergic receptor and related drugs in unanes-

thetized rats. In Comparative Pathophysiology of Circulatory Disturb-

ances, ed. by C. M. Bboor, pp. 105-1 17, Plenum Press, New York, 1972.
891. PEI-FINGER, W. A., CAMPBELL, W. B., AND KEETON, K.: Adrenergic com-

ponent of renin release induced by vasodilating antihypertensive drugs
in the rat.. Circ. Res. 33: 82-86, 1973.

892. PETTINGER, W. A., AND KEETON, K.: Altered ream release and propranolol

potentiation of vasodilatory drug hypotension. J. Clin. Invest. 55: 236-
243, 1975.

893. PETrINGER, W. A., KEETON, T. K., CAMPBELL, W. B., BERTHELSEN, S.,
AND MORRIS, M.: Further studies on abnormalities of ream release in
spontaneously hypertensive rats (SHR). Chin. Exp. Pharmacol. Physioh.,
suppl 3, pp. 135-139, 1976.

894. PET1’INGER, W. A., KEETON, T. K., CAMPBELL, W. B., AND HARPER, D. C.:
Evidence for a renal a-adrenergic receptor inhibiting renin release. Circ.

Res. 38: 338-346, 1976.

895. PETFINGER, W. A., KEETON, K., AND TANAKA, K.: Radioimmunoassay and
pharmacokinetics of sa.ralasin in the rat and hypertensive patients. Clin.
Pharmacol. Ther. 17: 146-158, 1975.

896. PETFINGER, W. A., MARCHELLE, M., AND AUGUSTO, L.: Renin suppression
by DOC and NaCh in the rat. Amer. J. Physioh. 221: 1071-1074, 1971.

897. PETrINGER, W. A., AND MITCHELL, H. C.: Minoxidil-an alternative to

nephrectomy for refractory hypertension. N. EngI. J. Med. 289: 167-171,
1973.

898. PETFINGER, W. A., AND MITCHELL, H. C.: Renin release, saralasin and the
vasodilator-bets-bhocker drug interaction in man. N. EngI. J. Med. 292:
1214-1217, 1975.

899. PETrINGER, W. A., AND MITCHELL, H. C.: Additive effect of bets-adrenergic
blockers in combination with vasodilators in lowering blood pressure.
Australia N. Z. J. Med. 6:suppl 3, 76-82, 1976.

900. PETTINGER, W. A., AND MITCHELL, H. C.: Clinical pharmacology of angio-
tensin antagonists. Fed. Proc. 35: 2521-2525, 1976.

901. PEI-FINGER, W. A., AND MITCHELL, H. C.: Angiotensin antagonists as
diagnostic and pharmacologic tools. Progr. Biochem. Pharmacol. 12:

203-213, 1976.
902. PEVFINGER, W. A., MITCHELL, H. C., AND GULLNER, H.-G.: Chonidine and

the vasodilating bets blocker antihypertensive drug interaction. Chin.
Pharmacol. Ther. 22: 164-171, 1977.

903. PETFINGER, W. A., TANAKA, K., KEETON, K., CAMPBELL, W. B., AND

BRooRS, S. N.: Renin release, an artifact of anesthesia and its imphica-

tions in rats. Proc. Soc. Exp. Biol. Med. 148: 625-630, 1975.

904. PEYTREMAN, A., FAVRE, L., AND VALLOi-I’ON, M. D.: Effect of cold presser
test and 2-deoxy-D-glucose infusion on plasma renin activity in man. Eur.
J. Chin. Invest 2: 432-438, 1972.

905. PFISTER, N., BURKART, F., BUHLER, F. R., AND SCHWEIZER, W.: Hamodyn-
amische Veranderungen unter Metoprohoh bei hypertensiven Patienten

im Vergleich zu Propranohol. Schwein Med. Wochenschr. 106: 1567-
1569, 1976.

905a. PFISTER, S., AND KEETON, T. K.: The mechanism of yohimbine-induced
ream release in the conscious rat (Abstract). Fed. Proc., in press, 1981.

906. PHILIPPI, A., WALTER, U., DISTLER, A., AND WOLFF, H. P.: Einfluss von
Propranohol auf die Stimulation der Reninsekretion durch Orthostase

und durch Furosemid. Verh. Deut. Gas. Inn. Med. 80: 263-265, 1974.
907. PICKENS, P. T., AND ENOCH, B. A.: Changes in plasma renin activity

produced by infusion of dextran and dextrose. Cardiovasc. Res. 2: 157-
160, 1968.

908. PIPER, P. J., AND VANE, J. 11.: Release of prostsglandins from the lung and
other tissues. Ann. N. Y. Acad. Sci. 180: 363-385, 1971.

909. PLACHETA, V. P., SINGER, E., AND KRAUPP, 0.: Untersuchungen uber die
Beeinflussung der Plasma Reninaktivatst normotoner Rattan durch den

$-Receptoren blocker BupranoloL Arzaeimittel-Forschuag/Drug Res.
27:2063-2065, 1977.

910. PoLAK, G., REID, J. L, HAMILTON, C. A., JONES, D. H., AND DOLLERY, C.
T.: Sympathetic nervous function and ream activity in hypertensives on
hong term drug treatment with propranolol, methyhdopa or bendroflu-
aside. Chin. Exp. Hypertension 1: 1-9, 1978.

91 1. PONG, S. S., AND LEVINE, L: Biosynthesis of prostsglandins in rabbit renal
cortex. Res. Commun. Chem. Pathol. Pharmacol. 13: 115-123, 1976.

912. POPOVTZER, M. M., ROBINETFE, J., HALGRIMSON, C. G., AND STARZL, T.
E.: Acute effect of prednisone on renal handling of sodium. Amer. J.
Physioh. 224: 651-658, 1973.

913. PORLIER, G. A., NADEAU, R. A., DECI(AMPLAIN, J., AND BICHET, D. G.:
Increased circulating plasma catecholamines and plasma ream activity

in dogs after chemical sympathectomy with 6-hydroxydopamine. Can. J.
Physiol. Pharmacol. 55: 724-733, 1977.

914. Porrs, J. T., TREGEAR, G. W., KEUTMANN, H. T., NIALL, H. D., SAUER, R.,
DEFTOS, L J., DAWSON, B. F., HOGAN, M. L, AND AURBACM, G. D.:
Synthesis of a biologically active N-terminal tetratria-contspeptide of

parathyroid hormone. Proc. Nat. Acad. Sci. U.S.A. 68: 63-67, 1971.
915. POULSEN, K.: Kinetics of the ream system. Scand. J. Chin. Lab. Invest. 31:

suppl. 132, 1-83, 1973.

916. POULSEN, K., AND JORGENSEN, J.: An easy radioimmunological microassay
of ream activity, concentration and substrate in human and animal
plasma and tissues based on angiotensin I trapping by antibody. J. Chin.
Endocrinol. Metsb. 39: 816-825, 1974.

917. POWELL, H. 11., MCCREDIE, D. A., AND ROTENBERG, E.: Ream release by
parathyroid hormone in the dog. Endocrinology 103: 985-989, 1978.

918. PREEDY, J. R. K., AND ArrKr.N, E. H.: The effect of estrogen on water and
electrolyte metabolism. I. The normal. J. Chin. Invest. 35: 423-429, 1956.

919. PRIVITERA, P. J., AND MOHAMMED, S.: Studies on the mechanism of ream
suppression by alpha-methyldopa. In Control of Renin Secretion, ed. by

T. A. Assaykeen, pp. 93-101, Plenum Press, New York, 1972.
920. PRIVITERA, P. J., WALLE, T., KNAPP, D. 11., AND GAFFNEY, R. E.: Central

renin suppressing action of propranolol. In Regulation of Blood Pressure

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 221

by the Central Nervous System, ed. by G. Onesti, M. Fernandes and K.
E. Kim, pp. 443-450, Grune & Stratton, New York, 1976.

921. RABKIN, R., EPSTEIN, S., AND SWANN, M.: Effect of growth hormone on
renal sodium and water excretion. Hormone Metsb. Res. 7: 139-142,

1975.

922. RADFAR, N., GILL, J. R., JR., BARI-FER, F. C., BRAVO, E., TAYLOR, A. A.,
AND BOWDEN, R. E.: Hypokalemia, in Bartter’s syndrome and other
disorders, produces resistance to vasopressors via prostsghandin over-

production. Proc. Soc. Exp. Bioh. Med. 158: 502-507, 1978.
923. ReDO, J. P., SZENDE, L., AND BORBELY, L.: Effects of ethacrynic acid on

specific renal function without and during angiotensin infusion in man.

Arch. Int. Pharmacodyn. Th#{233}r.186: 142-148, 1970.
924. REGOLI, D., PARK, W. K., AND RIOUX, F.: Pharmacology of angiotensin

antagonist. Can. J. Physiol. Pharmacol. 51: 114-121, 1973.
925. REID, I. A., AND JONES, A.: Effects of carotid occlusion and clonidine on

renin secretion in anesthetized dogs. Chin. Sci. Mol. Med. 51: 1094-ills,

1976.

926. REID, I. A., MACDONALD, D. M., PACHNIS, B., AND GANONG, W. F.: Studies
concerning the mechanism of suppression of renin secretion by chonidine.
J. Pharmacol. Exp. Ther. 192: 713-721, 1975.

927. REID, I. A., MORRIS, B. J., AND GANONG, W. F.: The renin-angiotensin
system. Annu. Rev. Physiol. 40: 377-410, 1978.

928. REID, I. A., SCHRIER, R. W., AND EARLEY, L. E.: An effect of extrarenal
bets-adrenergic stimulation on the release of ream. J. Chin. Invest. 51:
1861-1869, 1972.

929. REID, I. A., STOCKIGT, J. R., GOLDFIEN, A., AND GANONG, W. F.: Stimula-
tion of remn secretion in dogs by theophylline. Eur. J. Pharmacoh. 17:
325-332, 1972.

930. REID, J. L., AND KOPIN, I. J.: Significance of plasma dopamine-/3-hydrox-
ylase activity as an index of sympathetic neuronal function. Proc. Nat.

Acad. Sci. U.S.A. 71: 4392-4393, 1974.

931. REUBI, F. C.: Renal hyperemia induced in man by a new phthalazine
derivative. Proc. Soc. Exp. Bioh. Med. 73: 102-103, 1950.

932. RIBEIRO, A. B., AND KRAKOFF, L. R.: Angiotensin blockade in coarctstion
of the aorta. N. Engl. J. Med. 295: 148-150, 1976.

933. RICHARDSON, D., STELLA, A., LEONEI-FI, G., BARTORELLI, A., AND ZAN-

CHETFI, A.: Mechanisms of renal release of renin by electrical stimulation
of brainstem in the cat. Circ. Res. 34: 425-434, 1974.

934. RICHARDSON, D. W., WYso, E. M., MAGEE, J. H., AND CAVELL, G. C.:
Circulatory effects of guanethidine. Circulation 22: 184-190, 1960.

935. RILEY, 11. L.: Effects of acute changes in renal cortical blood flow distri-
bution on renal function in dogs. In Recent Advances in Renal Physiology
and Pharmacology, ed. by L. G. Wesson and G. M. Fanelli, Jr., pp. 148-.
163, University Park Press, Baltimore, 1974.

936. RILEY, R. L., SCRIABINE, A., AND WATSON, L. S.: Effect of timoloh on
hydralazine-induced increase in plasma renin activity in spontaneously
hypertensive and normotensive rats. Proc. Soc. Exp. Bioh. Med. 153:
454-458, 1976.

937. ROBB, C. A., DAVIS, J. 0., JOHNSTON, C. I., AND HARTROFT, P. M.: Effects
of deoxycorticosterone on plasma renin activity in conscious dogs. Amer.

J. Physiol. 216: 884-889, 1969.

937a. ROBERTSON, C. 11., DEEN, W. M., ThOY, J. L., AND BRENNER, B. M.:
Dynamics of glomerular ultrafiltration in the rat. III. Hemodynamics
and autoregulation. Amer. J. Physiol. 223: 1 191-1200, 1972.

938. ROBERTSON, D., FROLICH, J. C., CARR, R. K., THROCK-WATSON, J., H0L-
LIFIELD, J. H., SHAND, D. G., AND OATES, J. A.: Effects of caffeine on
plasma renin activity, catecholamines, and blood pressure. N. Engh. J.
Med. 298: 181-186, 1978.

939. ROBERTSON, D., AND MICHELAKIS, A. M.: Effect of anesthesia and surgery
on plasma renin activity in man. J. Chin. Endocrinol. 34: 831-836, 1972.

940. ROBERTSON, D., AND MICHELAKIS, A. M.: The effect of chlorpromazine on
plasma renin activity and aldosterone in man. J. Chin. Endocrinol. Metab.
41: 1166-1168, 1975.

941. ROBINSON, B. F., EPSTEIN, S. E., BEISER, G. D., AND BRAUNWALD, E.:
Control of heart rate by the autonomic nervous system. Circ. Res. 19:
400-411, 1966.

942. R0BI50N, G. A., BUTCHER, R. W., AND SUTHERLAND, E. W.: Cyclic AMP.

Annu. Rev. Biochem. 37: 149-174, 1968.
943. ROCHA, A. S., AND KOKKO, J. P.: Sodium chloride and water transport in

the medullary thick ascending limb of Henle: Evidence for active chloride
transport. J. Chin. Invest. 52: 612-623, 1973.

944. ROCKEL, A., HEIDLAND, A., APPEL, E., AND PALM, D.: Depressor effect of
saralasin in hypertensive crisis due to pheochromocytoma. N. Engh. J.
Med. 296: 50-51, 1977.

945. ROIZEN, M. F., MosS, J., HENRY, D. P., AND KOPIN, I. J.: Effects of

halothane on plasma catechhamines. Anesthesiology 41: 432-439, 1974.
946. ROJO-ORTEGA, J. M., CHRETIEN, M., AND GENEST, J.: Renin-angiotensin

system in chronically hypophysectomized rats. Hormone Metab. Res. 4:
500-505, 1972.

947. ROMAN, 11. J., KAUKER, M. L., TERRAGNO, N. A., AND WONG, P. Y-K.:

Inhibition of renal prostsglandin synthesis and metsbohism by indometh-

acm in rats. Proc. Soc. Exp. Bioh. Med. 159: 165-170, 1978.

948. ROMERO, J. C., DUNLAP, C. L., AND STRONG, C. G.: Effect of indomethacin
and other antiinflammatory drugs on the renin-angiotensin system. J.
Chin. Invest. 58: 282-288, 1976.

949. ROMERO, J. C., O�l-r, C. E., AGUILO, J. J., TORRES, V. E., AND STRONG, C.

G.: Role of prostsglandins in the reversal of one-kidney hypertension in
the rabbit. Circ. Res. 37: 683-689, 1975.

950. ROMERO, J. C., STANELONI, R. J., DUFAN, M. L., DOHMEN, R., BINIA, A.,

KLIMAN, B., AND FsscloLo, J. C.: Changes in fluid compartments, renal
hemodynamics, plasma renin and aldosterone secretion induced by low
sodium intake. Metabolism 17: 10-19, 1968.

951. ROMERO, J. C., AND STRONG, C. G.: The effect of indomethacin blockade of
prostaglandin synthesis on blood pressure of normal rabbits and rabbits

with renovascuhar hypertension. Circ. Res. 40: 35-41, 1977.
952. RosEl, E. A., TRUST, P. M., BROWN, J. J., FRASER, 11., LEVER, A. F.,

MORTON, J. J., AND ROBERTSON, J. I. S.: Effects of intravenous labetalol
on blood pressure, angiotensin II and aldosterone in hypertension: Com-
parison with propranohoh. Chin. Sci. Moh. Med. 51: 497s-499s, 1976.

953. ROSEN, S. M.: Effects of anesthesia and surgery on renal hemodynamics.

Brit. J. Anaesth. 44:252-258, 1972.

954. ROSENBAUM, B., KINNEY, M. J., SCUDDER, F. C., DISCALA, V. A., AND

STEIN, R. M.: Effects of potassium depletion on renal tubular sodium
and water reabsorption in the dog. Amer. J. Physioh. 222: 928-937, 1972.

955. ROSENTHAL, J., BOUCHER, R., NOWACZYNSKI, W., AND GENEST, J.: Acute
changes in plasma volume, renin activity, and free aldosterone levels in

healthy subjects following furosemide adminstration. Can. J. Physiol.
Pharmacoh. 46: 85-91, 1968.

956. ROSENTHAL, J., ESCOBAR-JIMENEz, F., AND RAPTIS, S.: Prevention by

somatoststin of rise in blood pressure and plasma renin mediated by the
bets-receptor stimulation. Chin. Endocrinoh. 6: 455-462, 1977.

957. ROSENTHAL, J., HOEFKE, W., AND WOLFF, H-P.: The effect of 2,6-dichlo-
rophenylamino-imidazolin-HC1 on blood pressure and plasma renin ac-
tivity in rats. Arch. Ges. Physiol. 312: 1185-86, 1969.

958. ROSENTHAL, J., JAEGER, H., AND ARLART, I.: Effects of prazosin on blood
pressure and plasma renin activity in man. Chin. Sci. Mol. Med. 55: 337s-
3395, 1978.

959. ROSENTHAL, J., RAprls, S., ESCOBAR-JIMENEz, F., AND PFEIFFER, E. F.:

Inhibition of furosemide-induced hypereninemia by growth-hormone
release-inhibiting hormone in man. Lancet 1: 772-774, 1976.

960. ROSENTHAL, J., RAPTIS, S., ZOUPAS, C., AND ESCOBAR-JIMENEZ, F.: Inhi-
bition by somatostatin of renin, blood pressure and cardiac and stroke

index in essential hypertension. Circ. Res. 43:suppl. I, 69-76, 1978.
961. ROSSET, E., AND VEYRAT, 11.: Release of renin by human kidney slices, in

vitro effect of angiotensin II, norepinephrine and aldosterone. Rev.

Europ. Etudes Chin. Biol. 16: 792-794, 1971.
962. RUBIN, B., ANTONACCIO, M. J., GOLDBERG, M. E., HARRIS, D. N., hi-KIN, A.

G., HoRoVrrz, Z. P., PANASEVICH, R. E., AND LAFFAN, 11. J.: Chronic
antihypertensive effects of captopril (SQ 14,225), an orally active angio-

tensin I-converting enzyme inhibitor, in conscious 2-kidney renal hyper-

tensive rats. Eur. J. Pharmacol. 51: 377-388, 1978.
963. RUBIN, B., ANTONACCIO, M. J., AND HoRovIrz, Z. P.: Captopril (SQ 14,225)

(D-3-mercapto-2-methylpropanoyl-L-prohine); a novel orally active inhib-

itor of angiotensin-converting enzyme and antihypertensive agent. Prog.

Cardiovasc. Dis. 21: 183-194, 1978.
964. RUBIN, B., LAFFAN, R. J., KOTLER, U. G., O’KEEFE, E. H., DEMAIO, D. A.,

AND GOLDBERG, M. E.: SQ14,225 (D-3-mercapto-2-methyhpropanoyl-L-
prohine), a novel orally active inhibitor of angiotensin I-converting en-

zyme. J. Pharmacol. Exp. Ther. 204: 271-280, 1978.
965. RUBIN, R. P.: The role of calcium in the release of neurotransmitter

substances and hormones. Pharmacol. Rev. 22: 389-428, 1970.
966. RUMPF, K. W., FRENZEL, S., LOWITz, H. D., AND SCHELER, F.: The effect

of indomethacin on plasma renin activity in man under normal conditions

and after stimulation of the renin angiotensin system. Prostaghandins 10:
641-648, 1975.

967. RUMPF, K. W., SCHACHTERLE, B., SCHMIDT, S., BECKER, K., AND SCHELER,

F.: Different responses of active and inactive plasma renin to various
stimuli. Chin. Sci. Mol. Med. 55: 155s-157s, 1978.

968. SAAMELI, K., SCHOLTYSIK, G., AND WAITE, R.: Pharmacology of BS 100-
141, a centrally acting antihypertensive drug. Clin. . Exp. Pharmacoh.
Physiol. 2:supph., 207-212, 1975.

969. SAFAR, M., CORVOL., P., WEISS, Y., FOLLIOT, A., AND MENARD, J.: Action
antihypertensive de trois drogues inhibant he syst#{232}me nerveux sympat-

hique. Nouv. Presse Med. 3: 871-875, 1974.

970. SAIT0, I.. MISUMI, J., KONDO, K., SARUTA, T., AND MAT5UKI, S.: Effects of

furosemide and chlorothiazide on blood pressure and plasma renin activ-

ity. Cardiovasc. Res. 10: 149-152, 1976.
971. SALVETTI, A., ARZILLI, F., AND BACCINI, C.: The effect ofa bets-blocker on

plasma renin activity of hypertensive patients. J. Nuch. Bioh. Med. 17:

142-150, 1973.
972. SALVETTI, A., ARZILLI, F., RUSSO, R., AND ZUCCHELLI, G. C.: Postural

changes of plasma renin activity determined by radioimmunoassay. J.

Nuch. Bioh. Med. 15: 140-146, 1971.

973. SALVEi-rI, A., ARZILLI, F., SASSANO, P., GAZZEi-FI, P., AND RINDI, P.:
Postural changes in plasma renin activity after renal transplantation.

Chin. Sci. Mol. Med. 48: 283s-286s, 1975.
974. SALVETFI, A., ARZILLI, F., AND ZUCCHELLI, G. C.: The effect of chonidine

on plasma renin activity in humans. Chin. Sci. Moh. Med. 45: supph; 185-

189, 1973.
975. SALvEi-FI, A., SASSANO, P., POLl, L., PEDRINELLI, R., AND AitzILLI, F.: The

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


222 KEETON AND CAMPBELL

effect of bets-adrenergic blockade on patterns of urinary sodium excre-

tion, bhood pressure, and plasma renin activity in patients with essential
and renovascular hypertension. Eur. J. Chin. Invest. 7: 331-336, 1977.

976. SAMBHI, M. P., EGGENA, P., BARRETT, J. D., TUANANOPAVARN, C., TUCK,

M., AND WEIDMAN, C.: Antihypertensive and renin angiotensin effects of
metolazone with and without propranohol. J. Chin. Pharmacoh. 17: 214-
224, 1977.

977. SAMUELS, A. I., MILLER, E. D., JR., FRAY, J. C. S., HABER, E., AND BARGER,

A. C.: Renin-angiotensin antagonists and the regulation ofbbood pressure.
Fed. Proc. 35: 2512-2520, 1976.

978. SANCHO, J., RE, R., BURONT, J., BARGER, A. C., AND HABER, E.: The role
of the renin-angiotensin aldosterone system in cardiovascular homeosta-

sis in normal human subjects. Circulation 53: 400-405, 1976.
979. SANNERSTEDT, R., Bojs, G., VARAUSKAS, E., AND WERKO, L.: Ahpha-

methyhdopa in arterial hypertension. Clinical, renal and hemodynamic
studies. Acts Med. Scand. 174: 53-67, 1963.

980. SANNERSTEDT, R., VARNAUKAS, E., AND WERKO, L.: Hemodynamic effects
of methyldopa (Aldomet) at rest and during exercise in patients with

arterial hypertension. Acts Med. Scand. 171: 75-82, 1962.

981. SARTICK, M., ELDRIDGE, M. L, JOHNSON, J. A., KURZ, K. D., FOWLER, W.
L., JR., AND PAYNE, C. G.: Recovery rate of the cardiovascular system in
rabbits following short-term halothane anesthesia. Lab. Animal Sci. 29:
186-190, 1979.

982. SARUTA, T., AND MATSUKI, S.: The effects of cyclic AMP, theophylline,
angiotensin II, and electrolytes upon renin release from rat kidney slices.
Endocrinol. Jap. 22: 137-140, 1975.

983. SARUTA, T., NAKAMURA, R., SArro, I., KONDO, K., AND MATUKI, S.:
Oestrogen hypertension in rats. Chin. Sci. Moh. Med. 48: 457-460, 1975.

984. SARUTA, T., S�ADE, G. A., AND KAPLAN, N. M.: A possible mechanism for

hypertension induced by oral concentraceptives. Arch. Intern. Med. 126:
621-626, 1970.

985. SASSARD, J., POZET, N., VINCENT, M., AND ZECH, P. Y.: Atenolol and renin
release. N. Engl. J. Med. 294: 787, 1976.

986. SCHAD, H., AND SELLER, H.: Reduction of renal nerve activity by volume
expansion in conscious cats. Pfl#{252}gers Arch. Eur. J. Physiol. 363: 155-

159, 1976.

987. SCHMID, H. E., JR.: Renal autoregulation and renin release during changes

in renal perfusion pressure. Amer. J. Physiol. 222: 1132-1137, 1972.

988. SCHNEIDER, E. G., LYNCH, R. E., WILLIS, L 11., AND KNOX, F. G.: The

effect of potassium infusion on proximal sodium reabsorption and renin
release in the dog. Kidney Int. 2: 197-202, 1972.

989. SCHNERMANN, J., PLOTH, D. W., AND HERMLE, M.: Activation of tubulo-
ghomerular feedback by chloride transport. Pfl#{252}gersArch. Eur. J. Physioh.
362: 229-240, 1976.

990. SCMNERMANN, J., WRIGHT, F. S., DAVIs, J. M., STACKELBERG, W. V., AND

GRILL, F.: Regulation of superficial nephron filtration rate by tubulo-
glomerular feedback. Pfl#{252}gers Arch. Eur. J. Physiol. 318: 147-175, 1970.

991. SCHOLKENS, B. A.: Influence of somatostatin on blood pressure and plasma
ream activity in the rat. Arzneimittel-Forschung/Drug Res. 28(I): 802-
803, 1978.

992. SCMOU, M.: Pharmacology and toxicology of lithium. Annu. Rev. Pharma-
col. Toxicol. 16: 231-243, 1976.

993. SCHRIER, R. W., REID, I. A., BERL, T., AND EARLEY, L. E.: Parasympathetic
pathways, renin secretion and vasopressin release. Chin. Sci. Mol. Med.

48: 83-89, 1975.
994. SCHROEDER, E. T., ANDERSON, G. H., GOLDMAN, S. H., AND STREETEN, D.

H. P.: Effect of blockade of angiotensin II on blood pressure, renin and
aldosterone in cirrhosis. Kidney Int. 9: 51 1-519, 1976.

995. SCHUCHARD, J., DAHLMEIM, H., WOBER, W., GRILL, G., LYDTIN, H., AND

THURAU, K.: Renin angiotensin II, Katechohamine and Blutdruck bei
Gesunden and essentiellen Hypertonikern vor und nach $-Blockade.

Verh. Deut. Ges. Inn. Med. 80: 215-218, 1974.
996. SCHWERTSCHLAG, U., HACKENTMAL, E., HACKENTHAL, R., AND RoHs, G.

H.: The effects of calcium and calcium-ionophores (X537A and A 23187)
on renin release in the isolated perfused rat kidney. Chin. Sci. Mol. Med.
55: 163s-166s, 1978.

997. SCORNIK, 0. A., AND PALADINI, A. C.: Angiotensin blood levels in hemor-
rhagic hypotension and other related conditions. Amer. J. Physiol. 206:
553-556, 1964.

998. ScRoop, G. C., KATIC, F., JOY, M. D., AND LOWE, 11. D.: Importance of
central vasomotor effects in angiotensin-induced hypertension. Brit.

Med. J. 1: 324-326, 1971.
999. SEALEY, J. E., CLARK, I., BULL, M. D., AND LARAGH, J. H.: Potassium

balance and the control of renin secretion. J. Chin. Invest. 49: 2119-2127,

1970.
1000. SEALEY, J. E., GERTEN-BANES, J., AND LARAGH, J. H.: The renin system:

Variations in man measured by radioimmunoassay or bioassay. Kidney

mt. 1: 240-253, 1972.
1001. SEALEY, J. E., AND LARAGH, J. H.: ‘Prorenin’ in human plasma? Method-

ological and physiological implications. Circ. Res. 36/37:supph. I, 10-16,

1975.
1002. SELDIN, D. W., EKONYAN, G., SUM, W. N., AND RECTOR, F. C.: Localization

of diuretic action from the pattern of water and electrolyte excretion.

Ann. N.Y. Acad. Sci. 139: 328-343, 1966.

lOO2a. SEMPLE, P. F., AND MASON, P. A.: Bromocriptine: Lack of effect on the

angiotensin II and aldosterone responses to sodium deprivation. Chin.
Endocrinol. 9: 155-161, 1978.

1003. SEN, S., FERRARIO, C. M., AND BUMPUS, F. M.: Alteration in the feedback

control of renin release by an angiotensin antagonist. Acts Physiol.

Latinoamer. 24: 529-532, 1974.
1004. SEN. S., SMEBY, R. R., AND BUMPUS, F. M.: Isolation of a phospholipid

renin inhibitor from the kidney. Biochemistry 6: 1572-1581, 1967.
1005. SEN, S., SMEBY, 11. R., AND BUMPUS, F. M.: Renin in rats with spontaneous

hypertension. Circ. Res. 31: 876-880, 1972.
1006. SEVERS, W. B., AND DANIELS-SEVERS, A. E.: Effects of angiotensin on the

central nervous system. Pharmacol. Rev. 25: 415-449, 1973.
1006a. SEYMOUR, A. A., AND ZEHR, J. E.: Influence of renal prostaglandin

synthesis on renin control mechanisms in the dog. Circ. Res. 45:13-25,

1979.

1007. SHADE, R. E., DAvIS, J. 0., JOHNSON, J. A., GOTSHALL, R. W., AND

SPIELMAN, W. S.: Mechanism of action of angiotensin II and antidiuretic
hormone on renin secrection. Amer. J. Physiol. 224: 926-929, 1973.

1008. SHADE, R. E., DAVIS, J. 0., JOHNSON, J. A., AND WITrY, R. T.: Effects of
arterial infusion of sodium and potassium on renin secretion in the dog.

Circ. Res. 31: 719-727, 1972.
1009. SHADE, R. E., AND GRIM, C. E.: Suppression of renin and aldosterone by

small amounts of DOCA in normal man. J. Chin. Endocrinoh. Metab. 40:
652-658, 1975.

1010. SHAPIRA, J., IAINA, A., ELIAHOU, H. E., AND SoLoMoN, S.: High renin

activity accompanying angiotensin II inhibition in rats with ischemic
renal failure. Israel J. Med. Sci. 12: 124-128, 1976.

loll. SHERMA, N. K., G0sSAIN, V. V., MICHELAKIS, A. M., AND ROVNER, D. R.:
Effect of tolbutaminde on plasma renin activity. Amer. J. Physiol. 236:
E1-E3, 1979.

1012. SHI0N0, K., AND SOKABE, H.: Renin-angiotensin system in spontaneously
hypertensive rats. Amer. J. Physiol. 231: 1295-1299, 1976.

1013. SH0PSIN, B., SATHANANTHAN, G., AND GERSMON, S.: Plasma renin response

to lithium in psychiatric patients. Chin. Pharmacol. Ther. 14: 561-564,

1973.
1014. SILVERMAN, A.-J., AND BARAJAS, L.: Effect of reserpine on the juxtaglo-

merular cells and renal nerves. Lab. Invest. 30: 723-731, 1974.
1015. SIMATUPANG, T. A., RADO, J., BOER, P., GEYSEKES, G. G., Vos, J., AND

MEES, E. J. D.: Pharmacologic studies in Barttez’s syndrome: Opposite

effects of treatment with anti-kaliuretlc and anti-prostaglandin drugs.

Int. J. Clin. Pharmacol. 16: 14-18, 1978.
1016. SINAIKO, A. R., AND MIRKIN, B. L.: Isoproterenol-evoked renin release

from the in situ perfused kidney. Dose response characteristics in spon-
tsneously hypertensive and normotensive Wistar rats. Circ. Res. 42:
381-385, 1978.

1017. SINCLAIR, R. J., BELL, R. D., AND KEYL, J. J.: Effects of prostsglandin E2
and histamine on renal fluid dynamics. Amer. J. Physioh. 227: 1062-1066,
1974.

1018. SINGER, I., AND ROTENBERG, D.: Mechanism of lithium action. N. Engl. J.
Med. 289: 254-260, 1973.

1019. SKELLEY, D. S., BROWN, L. P., AND BESCH, P. K.: Radioimmunoassay. Chin
Chem. 19: 146-186, 1973.

1020. SKINNER, S. L.: Improved assay methods for renin concentration’ and
activity’ in human plasma. Methods using selective denaturation of

renin substrate. Circ. Res. 20: 392-402, 1967.
1021. SKINNER, S. L., CRAN, E. J., GIBSoN, R., TAYLOR, R., WALTERS, W. A. W.,

AND CAI-r, K. J.: Angiotensin I and II, active and inactive renin, rena
substrate, renin activity and angiotensinase in human liquor amnii and

plasma. Amer. J. Obstet. Gynecol. 121: 626-630, 1975.
1022. SKINNER, S. L, LUMBERS, E. R., AND SYMONDS, E. M.: Alteration by oral

contraceptives of normal menstrual changes in plasma renin activity,
concentration and substrate. Clin. Sci. 36: 67-76, 1969.

1023. SKINNER, S. L., MCCUBBIN, J. W., AND PAGE, 1. H.: Control of ream
secretion. Circ. Res. 15: 64-76, 1964.

1024. SKRABAL, F., CZAYKOWSKA, W., DITFRICH, P., AND BRAUNSTEINER, H.:
Immediate plasma renin response to propranoloh: Differentiation be-

tween essential and renal hypertension. Brit. Med. J. 2: 144-147, 1976.

1025. SLOTKOFF, L F.: Prostaglandin A, in hypertensive crisis. Ann. Intern. Med.
81: 345-347, 1974.

1026. SEMBY, R. R., SEN, S., AND BUMPUS, F. M.: A naturally occurring renin
inhibitor. Circ. Res. 20: suppl. III, 129-134, 1967.

1027. SMITH, J. M., MOUW, D. R., AND VANDER, A. J.: Effect of parathyroid
hormone on plasma renin activity and sodium excretion. Amer. J. Phys-
iol. 236: F3l1-F319, 1979.

1028. SOBEL, B. E., AND MAYER, S. E.: Cyclic adenosine monophosphate and

cardiac contractility. Circ. Res. 32: 407-414, 1973.
1029. SoLoMoN, S., IANIA, A., AND ELIAHOU, H.: Possible determinants of plasma

renin activity in infant rats. Proc. Soc. Exp. Bioh. Med. 153: 309-313,
1976.

1030. SONKODI, S., PAP, A., AND VARRO, V.: Effect of the beta-receptor blocking

agent Visken on blood pressure of hypertensive patients, on plasma renin
activity and electrolytes. Ther. Hung. 24: 60-62, 1976.

1031. S0vERI, P., AND FYHRQUIST, F.: Plasma renin activity and angiotensin II
during oral contraception. Ann. Chin. Res. 9: 346-349, 1977.

1032. SOVERI, P., FYHRQUIST, F., AND WIDHOLM, 0.: Plasma renin activity in
abortion. Acts Obstet. Gynecol. Scand. 55: 175-177, 1976.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 223

1033. SPARKS, J. C., AND SUSIC, D.: The effects of propranolol on plasma renin
activity and renal renin concentration in rats on normal and sodium
deficient diets. Pharmacoh. Res. Commun. 9: 479-487, 1977.

1034. SPITzER, A., AND WINDHAGER, E. E.: Effects ofperitubular oncotic pressure
changes on proximal tubular fluid reabsorption. Amer. J. Physioh. 218:
1188-1193, 1970.

1035. STARKE, K., AND ENDO, T.: Presynaptic a-adrenoceptors. Gen. Pharmacol.
7: 307-312, 1976.

1036. STARKE, K., WERNER, U., AND SCHUMANN, H. J.: Effect of angiotensin on
the function of isolated rabbit hearts and/or nonadrenaline release at
rest and during sympathetic nerve stimulation. Arch. Exp. Pathol. Phar-
macoh. 264: 170-186, 1969.

1037. STEELE, J. M., JR., AND LOWENSTEIN, J.: Differential effects of an angio-
tensin II analogue on presser and adrenal receptors in the rabbit. Circ.
Res. 35: 592-600, 1974.

1038. STEIN, J. H., OSGOOD, R. W., BOONJAREN, S., Cox, J. W., AND FERRIS, T.
F.: Segmental sodium reabsorption in rats with mild and severe volume
depletion. Amer. J. Physiol. 227: 351-359, 1974.

1039. STEINMULLER, S. 11., AND PUSCHETF, J. B.: The effects of metohazone in
man: Comparison with chhorothiazide. Kidney Int. 1: 169-181, 1972.

1040. STELLA, A., AND ZANCHETFI, A.: Effects of renal denervation on renin
release in response to tilting and furosemide. Amer. J. Physiol. 232:
H500-H507, 1977.

1041. STEPHENS, G. A., DAVIS, J. 0., FREEMAN, R. H., AND WATKINS, B. E.:
Effects of sodium and potassium salts with anions other than chloride on

ream secretion in the dog. Amer. J. Physiol. 234: F10-F15, 1978.
1042. STEPHENS, G. A., DAVIS, J. 0., FREEMAN, R. H., WATKINS, B. E., AND

KHOSLA, M. C.: The effects of angiotensin II blockade in conscious
sodium-depleted dogs. Endocrinology 101: 378-388, 1977.

1043. STIN50N, J. M., BARNES, A. B., ZAKMEIM, R. M., CHIMOSKEY, J. E.,
SPINELLI, F. R., AND BARGER, A. C.: Reflex chohinergic vasodilatstion
during renal artery constriction in the unanesthetized dog. Amer. J.
Physioh. 217: 239-246, 1969.

1044. STITZER, S. 0., AND MARTINEZ-MALDONADO, M.: Mechanism of decrease
in plasma ream activity during volume expansion. Amer. J. Physioh. 230:
1550-1554, 1976.

1045. ST0cKIGT, J. R., HIGGS, E. J., AND SACHARIAS, N.: Diazoxide-induced
stimulation of renin release in renal vein sampling. Chin. Sci. Moh. Med.

51: 2354-237s, 1976.

1046. STOKES, G. S., GENTLE, J. L, STOKER, L M., GOLDSMITH, R. F., AND

HAYES, J. M.: Effects of alpha- and bets-adrenergic blockade on periph-
eral and renal vein renin activity in hypertensive patients (abstract).

Proc. Aust. Soc. Med. Has. 2: 354, 1970.

1047. STOKES, G. S., OATES, H. F., AND WEBER, M. A.: Angiotensin blockade in
studies of the feedback control of rena release in rats and rabbits. Chin.

Sci. Mol. Med. 48: 335-364, 1975.

1048. STOKES, G. S., AND WEBER, M. A.: Prazosin: Preliminary report and
comparative studies with other antihypertensive agents. Brit. Med. J. 2:
298-300, 1974.

1049. STOKES, G. S., WEBER, M. A., GAIN, J., Sco’rr, A. J., ROBERTS, B. A., AND

SHElL, A. G. 11.: Diazoxide-induced renin release in diagnosis of reme-
diabhe renovascuhar hypertension. Aust. N. Z. J. Med. 6: 26-29, 1976.

1050. STOKES, G. S., WEBER, M. A., AND THORNELL, I. R.: fl-Blockers and plasma
renin activity in hypertension. Brit. Med. J. 1: 60-62, 1974.

1051. STOKES, J. B., AND KOKKO, J. P.: Inhibition of sodium transport by
prostsghandin E2 across the isolated, perfused rabbit collecting tubule. J.
Chin. Invest. 59: 1099-1104, 1977.

1052. STOKES, J. B.: The effect of prostsghandin E� on chloride transport across
the rabbit thick ascending limb of Henle: Selective inhibition of the

medullary portion. J. Chin. Invest. 64: 495-502, 1979.
1053. STONE, K. J., AND HART, M.: Inhibition of renal PGE2-ketoreductase by

diuretics. Prostsglandins 12: 197-207, 1976.
1054. STRANDHOY, J. W., Orr, C. E., SCHNEIDER, E. G., WILLIS, L. R., BECK, N.

P., DAVIS, B. B., AND KNOX, F. G.: Effects of prostsglandins E1 and E2
on renal sodium reabsorption and Starling forces. Amer. J. Physioh. 226:
1015-1021, 1974.

1055. STRANG, K. D., VANDONGEN, R., POESSE, M. H., AND BIRKENHAGER, W.
H.: Failure of a-adrenergic stimulation by phenyhephrine to enhance
renin secretion in the isolated rat kidney. Eur. J. Pharmacol. 45: 141-

144, 1977.
1056. STRAUGH, G., VALLOTI’ON, M. B., T0UIT0u, Y., AND BRICAIRE, H.: The

renin-angiotensin-aldosterone system in normotensive and hypertensive
patients with acromegaly. N. Engl. J. Med. 287: 795-799, 1972.

1057. STREETEN, D. H. P., ANDERSON, G. H., FREIBERG, J. M., AND DALAKOS, T.
G.: Use of an angiotensin II antagonist (saralasin) in the recognition of
“angiotensinogenic” hypertension. N. Engl. J. Med. 292: 657-662, 1975.

1058. STUMPE, K. 0., KOLLOCH, 11., VEI-FER, H., GRAMANN, W., KRUCK, F.,
RESSEL, CM., AND HIGUCHI, M.: Acute and hong-term studies of the

mechanisms of action of bets-blocking drugs in lowering blood pressure.

Amer. J. Med. 60: 853-865, 1976.
1059. SuKI, W. N., EKNOYAN, G., RECTOR, F. C., JR., AND SELDIN, D. W.: The

renal diluting and concentrating mechanism in hypercalcemia. Nephron
6: 50-61, 1969.

1060. SUKI, W., RECTOR, F. C., AND SELDIN, D. W.: The site of action of
furosemide and other sulfonamide diuretics in the dog. J. Chin. Invest.

44: 1458-1469, 1965.

1061. SULLIVAN, J. M., ADAMS, D. F., AND HOLLENBERG, N. K.: Bets-adrenergic

blockade in essential hypertension: Reduced renin release despite renal
vasoconstriction. Circ. Res. 39: 532-536, 1976.

1062. SULLIVAN, J. M., NAKANO, K. K., AND TYLER, H. R.: Plasma renin activity
during levodopa therapy. Significance oflong- and short-term treatment.

J. Amer. Med. Ass. 224: 1726-1729. 1973.
1063. SUsIC, D., AND SPARKS, J. C.: The renin-angiotensin system of uninephrec-

tomized rats under diuretic treatment. Res. Commun. Chem. Pathol.
Pharmacol. 8: 423-429, 1974.

1064. SWAIN, J. E., HEYDENRICKS, G. R., BOEi-rCHER, D. H., AND VATNER, S. F.:

Prostsghandin control of renal circulation in the anesthetized dog and

baboon. Amer. J. Physioh. 229: 826-829, 1975.
1065. SWALES, J. D., AND THURSTON, H.: Plasma renin angiotensin II measure-

ment in hypertensive and normal subjects: Correlation of basal and

stimulated states. J. Chin. Endocrinoh. Metab. 45: 159-163, 1977.
1066. SWEET, C. S., AND GAUL, S. L.: Attenuation of hydrochlorothiazide-induced

hypokalemia in dogs by a bets-adrenergic blocking drug, timoloh. Eur. J.
Pharmacol. 32: 370-374, 1975.

1067. SWEET, C. S., AND MANDRADJEFF, M.: Enhancement of the antihyperten-
sive effect of hydrochiorothiazide in dogs after suppression of renin

release by bets-adrenergic blockade. Chin. Sci. Moh. Med. 48: 147-151,
1975.

1068. SWEET, C. S., WENGER, H. C., AND O’MALLEY, T. A.: Antagonism of
hydrochlorothiazide-induced elevation in plasma-renin activity by meth-
yldopa in conscious renal-hypertensive dogs. Can. J. Physiol. Pharmacol.
52: 1036-1040, 1974.

1069. TAGAWA, H., AND VANDER, A. J.: Effect of acetyhchohine on renin secretion
in salt-depleted dogs. Proc. Soc. Exp. Bioh. Med. 132: 1087-1090, 1969.

1070. TAGAWA, H., AND VANDER, A. J.: Effects of adenosine compounds on renal
function and renin secretion in dogs. Circ. Res. 26: 327-338, 1970.

1071. TAGAWA, H., VANDER, A. J., BONJOUR, J.-P., AND MALVIN, 11. L.: Inhibition
of renin secretion by vasopressin in unanesthetized sodium-deprived

dogs. Amer. J. Physiol. 220:949-951, 1971.
1072. TAMER, M. S., MCLAIN, L. G., MCDONALD, K. M., AND SCHRIER, R. W.:

Effect of beta-adrenergic blockage on renin response to renal nerve

stimulation. J. Chin. Invest. 57: 459-465, 1976.

1073. TAN, S. Y., BRAVO, E., AND MULROW, P. J.: Impaired renal prostsghandin
K2 biosynthesis in human hypertensive states. Prostsglandins Med. 1:
76-85, 1978.

1074. TAN, S. Y., AND MULROW, P. J.: Inhibition of renin-aldosterone response to
furosemide by indomethacin. J. Chin. Endocrinol. Metab. 45: 174-176,

1977.

1075. TAN, S. Y., SWEET, P., AND MULROW, P. J.: Impaired renal production of
prostaglandin E2; a newly identified lesion in human essential hyperten-
sion. Prostaglandins 15: 139-148, 1978.

1076. TANAKA, K., OMAE, T., HATFORI, N., AND KATSUKI, S.: Renin release from

ischemic kidneys following angiotensin infusion in dogs. Jap. Circ. J. 33:
235-241, 1969.

1077. TANAKA, K., AND PEVFINGER, W. A.: Renin release and ketamine-induced
cardiovascular stimulation in the rat. J. Pharmacol. Exp. Ther. 188: 229-
233, 1974.

1078. TANIGAWA, H., ALLIsoN, D. J., AND ASSAYKEEN, T. A.: A comparison of
the effects of various catechohamines on plasma renin activity alone and

in the presence of adrenergic blocking agents. In Hypertension ‘72, ed.

by J. Genest and E. Kiow, pp. 37-44, Springer-Verlag, New York, 1972.

1079. TENYI, I., NEMETH, M., JAVOR, T., NEMES, J., AND CZIMER, J.: The effect
of pindohol on plasma ream activity in patients with essential hyperten-

sion. Eur. J. Chin. Invest. 7: 325-329, 1977.
1080. TERRAGNO, N. A., TERRAGNO, D. A., AND MCGIFF, J. C.: Contribution of

prostsglandins to the renal circulation in conscious, anesthetized and

laparotomized dogs. Circ. Res. 40: 590-595, 1977.
1081. THAMES, M. D.: Reflex suppression ofrenin release by ventricular receptors

with vagal afferents. Amer. J. Physiol. 233: H18l-H184, 1977.

1082. THAMES, M. D.: Acetylstrophanthidin-induced reflex inhibition of canine
renal sympathetic nerve activity mediated by cardiac receptors with

vagal afferents. Circ. Res. 44: 8-15, 1979.

h082a. THAMES, M. D., AND DIBONA, G. F.: Renal nerves modulate the secretion
of remn mediated by non-neural mechanisms. Circ. Res. 44: 645-652,

1979.
1083. THAMES, M. D., JARECKI, M., AND DONALD, D. E.: Neural control of renin

secretion in anesthetized dogs: Interaction of cardiopulmonary and ca-

rotid baroreceptors. Circ. Res. 42: 237-245, 1978.
1084. THAMES, M. D., UL-HASSAN, Z., BRACKEi-r, N. C., LOWER, R. R., AND

KONTOS, H. A.: Plasma renin responses to hemorrhage after cardiac

autotransplantstion. Amer. J. Physiol. 221: 1115-1119, 1971.
1085. THANANOPAVARN, C., SAMBHI, M. P., GOLUB, M. S., EGGENA, P., AND

BARRETF, J. D.: Renin stimulation during chonidine therapy in “how
renin” essential hypertension. Amer. J. Med. Sci. 276: 27-32, 1978.

1086. THOMSEN, K., JENSEN, J., AND OLSEN, 0. V.: Lithium-induced loss of body
sodium and the development of severe intoxication in rats. Acts Phar-

macoh. Toxicol. 35: 337-346, 1974.
1087. THOMSEN, K., AND SCHOU, M.: Renal lithium excretion in man. Amer. J.

Physiol. 215: 823-827, 1968.
1088. THOMSEN, K., SCHOU, M., STEINESS, I., AND HANSEN, H. E.: Lithium as an

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


224 KEETON AND CAMPBELL

indicator of proximal sodium reabsorption. Pfl#{252}gers Archiv. Eur. J.

Physiol. 308: 180-184, 1969.

1089. THORNBOROUGH, J. R., AND PASSO, S. S.: The effects of estrogens on
sodium and potassium metabolism in rats. Endocrinology 97: 1528-1536,
1975.

1090. THURAU, K. W. C., DALHEIM, H., GRUNER, A., MASON, J., AND GRANGER,

P.: Activation of renin in the single juxtsglomerular apparatus by sodium
chloride in the tubular fluid at the macula densa. Circ. Res. 30/31:

suppl. II, 182-186, 1972.
1091. THURAU, K., AND KRAMER, K.: Weitere Untersuchungen zur myogenen

Natur der Autoregulation des Nierenkreislaufes. Autbebung der Verhal-
ten des Glomerulus-Filtrates. Pfl#{252}gers Arch. Eur. J. Physioh. 269: 77-93,
1959.

1092. THURAU, K., SCHNERMANN, J., NAGEL, W., HORSTER, M., AND WHOL, M.:

Composition of tubular fluid in the macuha dense segment as a factor

regulating the function of the juxtsglomerular apparatus. Circ. Res. 21:

supph. II, 79-89, 1967.

1093. ThURSTON, H., AND SWALES, J. D.: Converting enzyme inhibitor and

saralasin infusion in rats. Evidence for an additional vasodepressor

property of converting enzyme inhibitor. Circ. Res. 42: 588-592, 1978.

1093a. THURSTON, H., SWALES, J. D., BING, R F., HURsT, B. C., AND MARKS, E.
S.: Vascular renin-hike activity and blood pressure maintenance in the
rat. Studies of the effect of changes in sodium balance, hypertension and
nephrectomy. Hypertension 1: 643-649, 1979.

1094. TIGERSTED, R., AND BERGMAN, P. G.: Niere und Kreishauf. Skand. Arch.

PhysioL 8: 223-271, 1898.
1095. TOBERT, J. A., SLATER, J. D. H., FOGELMAN, F., LIGHTMAN, S. L, KURTZ,

A. B., AND PAYNE, N. N.: The effect in man of (+)-propranolol and
racemic propranoloh on renin secretion stimulated by orthostatic stress.

Chin. Sci. Mol. Med. 44: 291-295, 1973.
1096. TOBIAN, L.: Relationships ofjuxtsglomerular apparatus to renin and anglo-

tensin. Circulation 25: 189-192, 1962.

1097. TOBIAN, L., JANECEK, J., FOKER, J., AND FERREIRA, D.: Effect of chloro-

thiazide on renal juxtaglomerular cells and tissue electrolytes. Amer. J.

Physiol. 202: 905-908, 1962.

1098. TOBIAN, L., TOMBOULIAN, A., AND JANECEK, J.: Effect of high perfusion
pressure on the granulation of juxtsglomular cells in an isolated kidney.
J. Chin. Invest. 38: 605-610, 1959.

1099. T0RE5, V. E., STRONG, C. G., ROMERO, J. C., AND WILSON, D. M.: Indo-
methacin enhancement of glycerol-induced acute renal failure in rabbits.

Kidney hat. 7: 170-178, 1975.

1100. TRAUB, Y. M., NEMES, L N., ALOOF, S., AND ROSENFIELD, J. B.: Stimu-

hation of renin secretion by various methods: Optional results with

hydrochlorothiazide. mt. Uroh. Nephrol. 8: 247-255, 1976.
1101. TSUKIYAMA, H., OTSUKA, K., KYUNO, S., FUJISHIMA, S., AND KIJIMA, F.:

Influence of immobilization stress on blood pressure, plasma rena activ-

ity and biosynthesis of adrenocorticoid. Jap. Circ. J. 37: 1265-1269,
1973.

1102. TUCK, M. L, DLUHY, R G., AND WILLIAMS, G. H.: A specific role for saline

or the sodium ion in the regulation of ream and aldosterone secretion. J.

Chin. Invest. 53: 988-995, 1974.
1103. TURKER, R. K., HALL, M. M., YAMAMOTO, M., SWEET, C. S., AND BUMPUS,

F. M.: New, hong-lasting competitive inhibitor of angiotensin. Science
177: 1203-1205, 1972.

1104. TUZEL, I., LIMJUc0, R., AND KAHN, D.: Sodium nitroprusside in hyperten-
sive emergencies. Curr. Theory Res. 17: 95-106, 1975.

1 105. TWEEDDALE, M. G., AND OGILVIE, R. I.: Antagonism of spironolactone-
induced natriuresis by aspirin in man. N. EngI. J. Med. 289: 198-200,

1973.
1106. UEDA, H.: Renin and nervous system. Jap. Heart J. 17: 521-526, 1976.

1107. UEDA, H., KANEKO, Y., TAKEDA, T., IKEDA, T., AND YAGI, S.: Observations

on the mechanisms of renin release by hydralazine in hypertensive

patients. Circ. Res. 26/27: supph. II, 201-206, 1970.
1108. UEDA, H., YAGI, S., AND KANEKO, Y.: Hydralazine and plasma renin

activity. Arch. Intern. Med. 122: 387-391, 1968.
1109. UEDA, H., YASUDA, H., TAKABATAKE, Y., IIZUKA, M., IIzUKA, T., IHORI,

M., AND SAKAMOTO, Y.: Observations on the mechanism of renin release
by catechohamines. Circ. Res. 26/27: supph. I, 195-200, 1970.

1 1 10. UEDA, H., YASUDA, H., TAKABATAKE, Y., IIzUKA, M., IIzUKA, T., IH0RI,

M., YAMAMOTO, M., AND SABAMOTO, Y.: Increased renin release evoked
by mesencephalic stimulation in the dog. Jap. Heart. J. 8: 498-506, 1967.

1111. UEDA, J.: Adenine nucleotides and renal function. Special reference with

intrarenal distribution of blood flow (Abstract). Jap. J. Pharma-

coh., Supph. 22, p. 5, 1972.

1112. UEDA, J., NAKANISHI, H., AND ABE, Y.: Effect ofglucagon on ream secretion
in the dog. Eur. J. Pharmacol. 52: 85-92, 1978.

1113. UEDA, J., NAKANISHI, H., MIYAZAKI, M., AND ABE, Y.: Effects of glucagon
on the renal hemodynamics of dogs. Eur. J. Pharmacol. 41: 209-212,
1977.

1 1 14. VANDER, A. J.: Effects of acetyhchohine, atropine, and physostigmine on
renal function in the dog. Amer. J. Physioh. 206: 492-498, 1964.

1 1 15. VANDER, A. J.: Effect of catecholamines and the renal nerves on renin

secretion in anesthetized dogs. Amer. J. Physiol. 209: 659-662, 1965.

1116. VANDER, A. J.: Control of renin release. Physiol. Rev. 47: 359-382, 1967.
1117. VANDER, A. J.: Direct effects of prostaglandin on renal function and renin

release in anesthetized dogs. Amer. J. Physiol. 214: 218-221, 1968.
1 1 18. VANDER, A. J.: Inhibition of renin release in the dog by vasopressin and

vasotocin. Circ. Res. 23: 605-609, 1968.

1 1 19. VANDER, A. J.: Direct effects of potassium on ream secretion and renal
function. Amer. J. Physiol. 219: 445-459, 1970.

1 120. VANDER, A. J., AND CARLSON, J.: Mechanism of the effects of furosemide
on renin secretion in anesthetized dogs. Circ. Res. 25: 145-152, 1969.

1121. VANDER, A. J., AND GEELMOED, G. W.: Inhibition of renin secretion by
angiotensin II. Proc. Soc. Exp. Biol. Med. 120: 339-403, 1965.

1122. VANDER, A. J., KAY, L. L., DUGAN, M. E., AND MOUW, D. R.: Effects of
noise on plasma ream activity in rats. Proc. Soc. Exp. Biol. Med. 156:
24-26, 1977.

1 123. VANDER, A. J., AND LUCIANO, J. R.: Effects of mercurial diuresis and acute
sodium depletion on renin release in dog. Amer. J. Physioh. 212: 651-

656, 1967.

1 124. VANDER, A. J., AND MILLER, R.: Control of renin secretion in the anesthe-
tized dog. Amer. J. PhysioL 207: 537-546, 1964.

1 125. VANDONGEN, 11.: Adrenergic receptor mechanisms and renin secretion.

Aust. N. Z. J. Med. 4: 237-242, 1974.
1126. VANDONGEN, R.: Inhibition of renin secretion in the isolated rat kidney by

antidiuretic hormone. Chin. Sci. Mol. Med. 49: 73-76, 1975.

1 127. VANDONGEN, R.: Suppression of renin secretion in the isolated rat kidney

by cyclohoximide. Eur. J. Pharmacol. 40: 179-181, 1976.
1 128. VANDONGEN, R.: Intrarenal stimulation of renin secretion by furosemide in

the isolated kidney of the rat. Brit. J. Pharmacol. 60: 73-76, 1977.
1 129. VANDONGEN, R., AND GREENWOOD, D. M.: The inhibition of renin secretion

in the isolated rat kidney by clonidine hydrochloride (Catspres). Chin.

Exp. Pharmacoh. Physiol. 2: 583-588, 1975.

1 130. VANDONGEN, R., AND GREENWOOD, D. M.: The stimulation of ream secre-
tion by diazoxide in the isolated rat kidney. Eur. J. Pharmacoh. 33: 197-

200, 1975.
1 131. VANDONGEN, R., AND GREENWOOD, D. M.: The stimulation of renin secre-

tion by non-vasoconstrictor infusions of adrenaline and noradrenaline in
the isolated rat kidney. Chin. Sci. Mol. Med. 49: 609-612, 1975.

1 132. VANDONGEN, 11., AND GREENWOOD, D. M.: Stimulation of ream secretion
by furosemide and diazoxide in the isolated rat kidney. Chin. Sci. Moh.

Med. 51: lOls-lO4s, 1976.
1133. VANDONGEN, R., AND PEART, W.: The inhibition of renin secretion by

alpha-adrenergic stimulation in the isolated rat kidney. Chin. Sci. Mol.

Med. 47: 471-479, 1974.
1 134. VANDONGEN, R., AND PEART, W. S.: Calcium dependence of the inhibitory

effect of angiotensin on ream secretion in the isolated perfused kidney of

the rat. Brit. J. Pharmacoh. 50: 125-129, 1974.
1 135. VANDONGEN, R., PEART, W. S., AND BOYD, G. W.: Andrenergic stimulation

of renin secretion in the isolated perfused rat kidney. Circ. Res. 32: 290-
296, 1973.

1 136. VANDONGEN, R., PEART, W. S., AND BOYD, G. W.: Effect of angiotensin II
and its non-pressor derivatives on ream secretion. Amer. J. Physiol. 226:
277-282, 1974.

1 137. VANE, J. R.: Inhibition of prostaghandin synthesis as a mechanism of action
for aspirin-hike drugs. Nature New Biol. 231: 232-235, 1971.

1138. VAN HOOGDALEM, P., DONKER, A. J., BRENTJENS, J. R. H., VAN DER HEM,

G. K., AND OoarEruiUls, J. W.: Partial correction of hypertension by

angiotenain II blockade in a patient with phaeochromocytoma. Acts
Med. Scand. 201: 395-399, 1977.

1139. VAN HOOGDALEM, P., DONKER, A. J. M., AND LEENEN, F. H. H.: Angioten-
sin II blockade before and after marked sodium depletion in patients
with hypertension. Chin. Sci. Mol. Med. 54: 75-83, 1978.

1 140. VATNER, S. F., AND BRAUNWALD, E.: Cardiovascular control mechanisms

in the conscious state. New EngI. J. Med. 223: 970-976, 1975.
1141. VATNER, S. F., AND SMITH, N. T.: Effects of hahothane on heft ventricular

function and distribution of regional blood flow in dogs and primates.
Circ. Res. 34: 155-167, 1974.

1 142. VAUGHAN, E. D., CAREY, 11. M., PEACH, M. J., ACKERLY, J. A., AND AYERS,

C. R.: The renin response to diuretic therapy. A limitation of antihyper-
tensive potential. Circ. Res. 42: 376-381, 1978.

1 143. VELASCO, M., GILBERT, C. A., AND RUTLEDGE, C. 0.: Antihypertensive
effect of a dopamine bets-hydroxylase inhibitor, bupicomide: A compar-
ison with hydralazine. Chin. Pharmacol. They. 18: 145-153, 1975.

1 144. VELASCO, M., AND MCNAY, J. L.: Physiologic mechanisms of bupicomide
and hydrahazine-induced increase in plasma renin activity in hyperten-
sive patients. Mayo Clin. Proc. 52: 430-432, 1977.

1145. VELs.SC0, M., O’M�LEY, K., ROBIE, N. W., WEu�s, J., ISRAILI, Z. H., AND

MCNAY, J. L.: Differential effects of propranolol on heart rate and
plasma renin activity in patients with minoxidil. Clin. Pharmacol. Ther.

16: 1031-1038, 1974.
1146. VELASQUEZ, M. T., WAN, S. H., AND MARONDE, R. F.: Bumetanide-induced

rise in plasma renin activity. Clin. Pharmacol. Ther. 24: 186-191, 1978.
1147. VENUTO, R. C., O’Doiuslo, T., FERRIS, T. E., AND SitIN, J. H.: Proets-

glandins and renal function II. The effect of prostsglandin inhibition on

autoregulation of blood flow in the intact kidney of the dog. Prostaglan-
dins 9: 817-828, 1975.

1 148. VERBERCKMOES, R., VAN DAMME, B., CLEMENT. J., AMERY, A., AND

MICHIELSEN, P.: Bartter’s syndrome with hyperplasia of renomedullary
cells. Successful treatment with indomethacin. Kidney Int. 9: 302-307,

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 225

1976.

1149. VERNIORY, A., STAROUKINE, M., DELWICHE, F., AND TELERMAN, M.: Effect
of sotalol on haemodynamics and renin-angiotensin-aldosterone system

in hypertensive patients. Chin. Sci. Moh. Med. 51: 9-17, 1976.
1150. VEi-rER, H., KOLLOCH, R., APPENHEIMER, M., CORDT, U., GLANZER, K.,

STUMPE, K. 0., ThUBESTEIN, G., WEIAND, H., WITASSEK, F., AND

KRUCK, F.: Einfluss einer chronischen a-adrenergen Rezeptorenbhockade
auf die basale Reninsekretion bei essentieller Hypertonie. Schweiz. Med.

Wochenschr. 108: 1978-1981, 1978.
1151. VETFER, H., VE’I-FER, W., WARNHOLZ, C., BAYER, J.-M., KASER, H., VIEL-

MASER, K., AND KRUCK, F.: Renin and aldosterone secretion in pheo-
chromocytoma. Effect of chronic alpha-adrenergic receptor blockade.

Amer. J. Med. 60: 866-871. 1976.
1152. VETTER, W., ZARUBA, K., ARMBRUSTER, H., BECKERHOFF, R., VETrER, H.,

NUSSBERGER, J., SCHMIED, U., RECK, G., FONTANA, A., AND SIEGEN-

THALER, W.: Effect of propranolol and pindolol on renin secretion in
normal supine man. Kim. Wochenschr. 53: 709-711, 1975.

1153. VEYRAT, R., DE CHAMPLAIN, J., BOUCHER, 11., AND GENEST, J.: Measure-
ment of human arterial renin activity in some physiological and patho-
logical states. Can. Med. Ass. J. 90: 215-220, 1964.

1 154. VEYRAT, R., AND ROSSET, E.: In vitro renin released by human kidney
slices: effect of norepinephrine, angiotensin II and I, and aldosterone. In
Hypertension, 72, ed. by J. Genest and E. Koiw, pp. 44-54, Springer-
Verlag, New York, 1972.

1155. VINCENT, M., DUPONT, J., AND SASSARD, J.: Plasma renin activity as a
function of age in two new strains of spontaneously hypertensive and

normotensive rats. Chin. Sci. Mol. Med. 50: 103-107, 1976.
1156. VIoL, G. W., SMITH, E. K. M., AND FITZIERALD, J. D.: Comparison of

metoprolol and propranolol in modification of haemodynamic and renin-

aldosterone responses to tilting in humans. Chin. Sci. Moh. Med. 51:5334-

5355, 1976.
1157. VISKOPER, R. J., MAXWELL, M. H., LUPU, A. N., AND ROSSENFIELD, S.:

Ream stimulation by isoproterenah and theophylline in the isolated

perfused kidney. Amer. J. Physiol. 232: F248-253, 1977.
1158. VISKOPER, 11. J., ROSENFELS, S., MAXWELL, M. H., DE LIMA, J., LUPU, A.

N., AND ROSENFELD, J. B.: Effect of Ca binding by EGTA on renin
release in the isolated perfused rabbit kidney. Proc. Soc. Exp. Biol. Med.

152: 415-418, 1976.
1 159. VLACHAKI5, N. D., MENDLOWITZ, M., AND KRAKOFF, L 11.: Antihyperten-

sive effects of tolamohoh. Chin. Pharmacoh. Ther. 21: 9-15, 1977.
1160. VLACHAKIS, N. D., RIBEIRO, A. B., AND KRAKOFF, L R.: Effect of sarahasin

on plasma catechohamines in hypertensive patients. Amer. Heart J. 95:

78-80, 1978.

1161. VOLICER, L., AND HYNIE, S.: Effect of catechohamines and angiotensin on

cyclic AMP in rat aorta and tail artery. Eur. J. Pharmacoh. 15: 214-220,
1971.

1 162. VOLICER, L., AND LEOW, C.: Penetration of angiotensin into the brain
(Abstract). Fed. Proc. 29: 281, 1970.

1 163. VOLLE, R. L., AND KOELLE, G. B.: Ganglionic stimulating and blocking
agents. In The Pharmacological Basis of Therapeutics, 5th ed. ed. by L.

S. Goodman and A. Gilman, pp. 594-595, Macmillan Co., New York,

1965.

1164. VoN BAHR, C., COLLSTE, P., FRISK-HOLMBERG, M., HAGLUND, K., JORFELT,

L, OiusE, M., OSTMAN, J., AND SJOQVIST, F.: Plasma levels and effects
of metoprohoh on blood pressure, adrenergic bets receptor blockade, and

plasma renin activity in essential hypertension. Chin. Pharmacol. Ther.
20: 130-137, 1976.

1 165. VORBURGER, C.: The acute effect of the diuretic furosemide on the glomer-
ular filtrate, on renal hemodynamics, on the water, sodium, and potas-

sium excretion and on the oxygen consumption of the kidney. lOin.

Wochenschr. 42: 833-839, 1964.
1166. VOUDOUKIS, I. J.: On the role of hydralazine in renal hemodynamics and

secretion of renin. Amer. Heart J. 72: 140-141, 1966.
1167. VUKOVICH, R. A., WILLsitD, D. A., AND BRANNICK, L J.: Endocrine and

cardiovascular consequences of angiotensin converting enzyme inhibi-
tion. J. mt. Med. Res. 5: 1-9, 1977.

1 168. WAAL-MANNING, H. J.: Metabolic effects of bets-adrenergic blockers.
Drugs 2: suppl. I, 121-126, 1976.

1169. WAGERMARK, J., UNGERSTEDT, U., AND LIUNGQVIST, A.: Sympathetic
innervation of the juxtaglomerular cells of the kidney. Circ. Res. 22: 149-
153, 1968.

1 170. WALDRON, T. L, AND MURTHY, V. S.: Hemodynamic effects of SQ 14,225,
an orally effective angiotensin converting enzyme (ACE) inhibitor, in
dogs (Abstract). Fed. Proc. 37: 718, 1978.

1171. WALLACH, L., NYARAI, I., AND DAWSON, K. G.: Stimulated renin: A screen-
ing test for hypertension. Ann. Intern. Med. 82: 27-34, 1975.

1 172. WALSH, G. M., AND FERRONE, R. A.: Ether-induced vasodilation in the rat.
Res. Commun. Chem. Pathol. Pharmacoh. 24: 67-76, 1979.

1 173. WARREN, D. J., AND FERRIS, T. E.: Renin secretion in renal hypertension.

Lancet 1: 159-162, 1970.
1174. WARREN, D. J., AND LEDINGHAM, J. G. G.: Renal circulatory responses to

general anesthesia in the rabbit: Studies using radioactive microspheres.

Chin. Sci. Moh. Med. 48: 61-66, 1975.
1175. WARREN, D. J., AND LEDINGHAM, J. G. G.: Renal vascular response to

haemorrhage in the rabbit after pentobarbitone, chloralose-urethane and

ether anesthesia. Chin. Sci. Mol. Med. 54: 489-494, 1978.

1176. WATANABE, A. M., JUDY, W. V., AND CARDON, P. V.: Effect of L-dopa on
blood pressure and sympathetic nerve activity after decarboxylase inhi-

bition in cats. J. Pharmacol. Exp. Ther. 188: 107-113, 1974.
1177. WATHEN, R. L, KINGSBURY, W. S., STOUDER, D. A., SCHNEIDER, E. G.,

AND ROSTORFER, H. H.: Effects of infusions of catecholamines and
angiotensin II on renin release in anesthetized dogs. Amer. J. Physiol.
209: 1012-1024, 1965.

1178. WATKINS, B. E., DAVIS, J. 0., LOHMEIER, T. E., AND FREEMAN, R. H.:
Intrarenal site of action of calcium on renin secretion in dogs. Circ. Res.

39: 847-853, 1976.
1179. WATKINS, L., JR., BURTON, J. A., HABER, E., CANT, J. R., SMITH, F. W.,

AND BARGER, A. C.: The renin-angiotensin-aldosterone system in con-
gestive failure in conscious dog. J. Chin. Invest. 57: 1606-1617, 1976.

1180. WEBER, M. A., CASE, D. B., BAER, L., SEALEY, J. E., DRAYER, J. I. M.,
LOPEz-OVEJERO, J. A., AND LARAGH, J. H.: Renin and aldosterone

suppression in the antihypertensive action ofclonidine. Amer. J. Cardiol.

38: 825-830, 1976.
1181. WEBER, #{149}M. A., DRAYER, J. I. M., AND LARAGH, J. H.: The effects of

clonidine and propranohol separately and in combination on blood pres-

sure and plasma renin activity in essential hypertension. J. Chin. Phar-
macoh. 18: 233-240, 1978.

1182. WEBER, M. A., DRAYER, J. I. M., REV, A., AND LARAGH, J. H.: Disparate
pattern of aldosterone response during diuretic treatment of hyperten-

sion. Ann. Intern. Med. 87: 558-563, 1977.
118.3. WEBER, M. A., GRAHAM, R. M., GAIN, ,J. M., AND STOKES, G. S.: Pharma-

cohogicah stimulation of renin secretion within the kidney. Arch. Int.

Pharmacodyn. Th#{233}r. 227: 343-350, 1977.

1184. WEBER, M. A., KLEERKOPER, M., THORNELL, I. R., AND STOKES, G.S.:

Effect of sodium depletion on plasma renin activity and on the urinary

excretion ofcychic AMP in hypoparathyroid patients. J. Chin. Endocrinol.
Metsb. 40: 982-987, 1975.

1185. WEBER, M. A., STOKES, G. S., AND GAIN, J. M.: Comparison of the effects
on renin release of bets adrenergic antagonists with differing properties.
J. Chin. Invest. 54: 1413-1419, 1974.

1186. WEBER, M. A., THORNELL, I. R., AND STOKES, G.S.: Effects of bets

adrenergic blocking agents on plasma renin activity in the conscious

rabbit. J. Pharmacoh. Exp. Ther. 188: 234-240, 1974.

1187. WEBER, P., HOLZGREVE, H., STEPHAN, 11., AND HERBST, R.: Plasma renin
activity and renal sodium and water excretion following infusion of
arachidonic acid in rats. Eur. J. Pharmacoh. 34: 299-304, 1975.

1188. WEBER, P. C., LARSSON, C., ANGGARD, E., HAMBERG, M., COREY, E. J.,
NIc0LA0u, K. C., AND SAMUELSSON, B.: Stimulation of renin release
from rabbit renal cortex by arachidonic acid and prostaglandin endoper-

oxides. Circ. Res. 39: 868-874, 1976.
1189. WEBER, P. C., LARSSON, C., HAMBERG, M., ANGGARD, E., COREY, E. J.,

AND SAMUELSSON, B.: Effects of stimulation and inhibition of the renal
prostaglandin synthetsse system on rena release in vivo and in vitro.

Chin. Sci. Mol. Med. 51: 271s-274s, 1976.
1190. WEBER, P. C., LARSSON, C., AND SHERER, B.: Prostsglandin E�-9-ketore-

ductase as a mediator of salt intake-related prostsghandfn-renin interac-

tion. Nature (London) 266: 65-66, 1977.
1 191. WEBER, P. C., SCHERER, B., AND LARS5ON, C.: Increase of free arachdonic

acid by furosemide in man as the cause of prostaghandin and renin
release. Eur. J. Pharmacol. 41: 329-332, 1977.

1192. WEIDMANN, P., BERETFA-PICCOLI, C., ZIEGLER, W., HIRSCH, D., DE CHA-

TEL, R., AND REUBI, F. C.: Beziehungen zwischen Bhutdruck, Bhutvohu-
men, Plasma-Renin und Urin-Katechohaminen wahrend Betablockade

bei essentieller Hypertonie. Khin. Wochenschr. 54: 765-773, 1976.

1193. WEIDMANN, P., DECHATEL, R., ZIEGLER, W. H., FLAMMER, J., AND REUBI,

F.: Alpha and bets adrenergic blockade with orally administered labetaloh
in hypertension. Studies on blood volume, plasma renin and aldosterone

and catecholamine excretion. Amer. ,J. Cardioh. 4!: 570-576, 1978.

1194. WEIDMANN, P., HIRSCH, D., MAXWELL, M. H., OKUN, R., AND SCHROTH,

P.: Plasma renin and blood pressure during treatment with methyhdopa.
Amer. J. Cardiol. 34: 671-676, 1974.

1 195. WEIDMANN, P., MASSRY, S. G., COBURN, J. W., MAXWELL, M. H., ATLESON,

J., AND KLEEMAN, C. 11.: Blood pressure effects of acute hypercalcemia.
Studies in patients with chronic renal failure. Ann. Intern. Med. 76: 741-

745, 1972.

1 196. WEINBERGER, M., Aol, W., AND GRIM, C.: Dynamic response of active and
inactive renin in normal and hypertensive humans. Circ. Res. 41: supph.

II, 21-25, 1977.
1197. WEINSERGER, M. H., Aol, W., AND HENRY, D. P.: Direct effect of beta-

adrenergic stimulation on renin release by the rat kidney slice in vitro.

Circ. Res. 37: 318-324, 1975.
1198. WEINBERGER, M. H., COLLINS, R. D., DOWDY, A. J., NOKES, G. W., AND

LUETSCHER, J. A.: Hypertension induced by oral contraceptive contain-
ing estrogen and gestsgen: Effects on plasma renin activity and aldoster-

one excretion. Ann. Intern. Med. 71: 891-902, 1969.
1199. WEINBERGER, M. H., AND GRIM, C. E.: Effects of spironohactone and

hydrochlorothiazide on blood pressure and plasma ream activity in
hypertension. In Systemic Effects of Antihypertensive Agents, ed. by M.
P. Sambhi, pp. 481-493, Stratton, New York, 1976.

1200. WEINBERGER, M. H., KRAMER, N. J., GRIM, C. E., AND PETERSEN, L P.:

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


226 KEETON AND CAMPBELL

The effect of posture and saline loading on plasma renin activity and

aldosterone concentration in pregnant, non-pregnant and estrogen

treated women. J. Chin. Endocrinol. Metab. 44: 69-77, 1977.
1201. WEINBERGER, M. H., AND ROSNER, D. R.: Renin release by rat kidney

slices in vitro. In Control of Renin Secretion, ed. by T. A. Assaykeen, pp.
145-150, Plenum Press, New York, 1972.

1202. WEISs, G. B.: Calcium and contractility in vascular smooth muscle. In
Advances in General and Cellular Pharmacohogy, vol. II, ed. by T.
Narahashi and C. P. Bianchi, pp. 71-154, Plenum Press, New York, 1977.

1203. WERLE. E., TRANTSCHOLD, I., KRAMMER, K., AND SCMMAL, A.: Purification
and immuno-specificity of iso-renin from the glandular submaxillaris of

the mouse. Hoppe-Seylers Z. Physiol. Chem. 349: 1441-1448, 1968.

1204. WERNING, C.: The effects of minoxidil on blood pressure and plasma renin
activity in patients with essential and renal hypertension. lOin. Woch-

enschr. 54: 727-734, 1976.

1205. WERNING, C., VEI-FER, W., WEIDEMANN, P., SCHWIEKERT, H. U., STIEL,

D., AND SIEGENTHALER, W.: Effect of prostaghandin E1 on renin in the
dog. Amer. J. Physiol. 220: 852-856, 1971.

1206. WERNZE, H., HILFENHAUS, M., RIETBROCK, I., SCMUTI’KE, R., AND KUHN,

K.: Phasma-Renin-Aktivitat and Phasma-Aldosteron unter N#{225}rkose sowie

Operationsstreb und Bets-Receptoren-Bhockade. Anaesthesist 24: 471-

476, 1975.
1207. WHITE, F. N.: Control of renin secretion in the dog (Abstract). Circulation

32: suppl. II, 219, 1965.
1207a. WMORTON, A. 11., Lsza.R, J. D., SMIGEL, M. D., AND OATES, J. A.:

Prostaghandin-mediated renin release from renal cortical slices. In Ad-
vances in Prostsghandins and Thromboxane Research, vol. 7, ed. by B.
Samuehsson, P. Ramwell, and R. Paoletti, pp. 1123-1129, Raven Press,

New York, 1980.

1208. WHORTON, A. R., MIsoNo, K., HOLLIFIELD, J., FROLICH, J. C., INAGAMI,

T., AND OATES, J. A.: Prostaglandins and renin release. I. Stimulation of
renin release from rabbit renal cortical slices by PGI2. Prostsglandins

14: 1095-1104, 1977.
1209. WHORTON, A. R., SMIGEL, M., OATES, J. A., AND FROLICH, J. C.: Regional

differences in prostacychin formation by the kidney: Prostscyclin is a

major prostaglandin of renal cortex. Biochim. Biophys. Acts 529: 176-
180, 1978.

1210. WIGGINS, R., DAVIES, R., BASAR, I., AND SLATER, J. D. H.: The inhibition
of adrenergically provoked renin release by salbutamol in man. Brit. J.

Chin. Pharmacol. 5: 213-215, 1978.

121 1. WILCOX, C. S.: Effect of increasing the plasma magnesium concentration
on renin release from the dog’s kidney: Interactions with calcium and

sodium. J. Physiol. (London) 284: 203-217, 1978.

1212. WILCOX, C. S., AMINOFF, M. J., KURTZ, A. B., AND SLATER, J. D. H.:
Comparison of the renin response to dopamine and noradrenahine in

normal subjects and patients with autonomic insufficiency. Chin. Sci.

Mol. Med. 46: 481-488, 1974.
1213. WILCOX, 11. G.: Combination hypotensive therapy with atenohol, bendroflu-

azide and hydralazine. Postgrad. Med. J. 53: suppl. 3, 128-133, 1977.
1214. WILKI�isoN, E. L., BACHMAN, H., AND HECHT, H. H.: Cardiovascular and

renal adjustments to a hypotensive agent (1-hydrazinophthalazine: Ciba

BA-5968: Apresohine) J. Chin. Invest. 31: 872-879, 1952.
1215. WILLIAMS, G. H., AND HOLLENBERG, N. K.: Accentuated vascular and

endocrine response to SQ 20881 in hypertension. N. Engh. J. Med. 297:
184-188, 1977.

1216. WILLIAMS, G. H., HOLLENBERG, N. K., BROWN, C., AND MERSEY, J. H.:
Adrenal responses to pharmacological interruption of the renin-angioten-
sin system in sodium-restricted normal man. J. Chin. Endocrinol. Metab.
47: 725-731, 1978.

1217. WILLIAMS, G. H., HOLLENBERG, N. K., MOORE, T. J., DLUHY, 11. G., BAULI,

S. Z., SoLoMoN, H. S., AND MERSEY, J. H.: Failure of renin suppression
by angiotensin II in hypertension. Circ. Res. 42: 46-52, 1978.

1218. WILLIAMS, W. M., FROLICH, J. C., NIE5, A. S., AND OATES, J. A.: Urinary
prostaghandins: Site of entry into renal tubular fluid. Kidney hnt. 11:

256-260, 1977.
1219. WILLIAMSON, H. E.: Furosemide and ethacrynic acid. J. Chin. Pharmacol.

17: 663-672, 1977.
1220. WILLIAMSON, H. E., BOURLAND, W. A., AND MARCHAND, G. R.: Inhibition

of furosemide induced increase in renal blood flow by indomethacin.

Proc. Soc. Exp. Bioh. Med. 148: 164-167, 1975.
1221. WILLIAMSON, H. E., BOURLAND, W. A., MARCHAND, G. R., FARLEY, D. B.,

AND VAN ORDEN, D. E.: Furosemide induced release of prostsghandin E
to increase renal blood flow. Proc. Soc. Exp. Bioh. Med. 150: 104-106,

1975.

1222. WILLIAMSON, H. E., MARCHAND, G. R., BOURLAND, W. A., FARLEY, D. B.,
AND VAN ORDEN, D. E.: Ethacrynic acid induced release of prostaglandin
E to increase renal blood flow. Prostaghandins 11: 519-522, 1976.

1223. WILsoN, H. M., WILsON, J. P., SLATON, P. E., FOSTER, J. H., LIDDLE, G.
W., AND HOLLIFIELD, J. W.: Saralasin infusion in the recognition of

renovascular hypertension. Ann. Intern. Med. 87: 36-42, 1977.
1224. WILsoN, W. R., FISHER, F. D., AND KIRKENDALL, W. M.: The acute

hemodynamic effects of alpha-methyhdopa in man. J. Chron. Dis. 15:

907-913, 1961.
1225. WILTON, A.: An improved method for the assay of renin secreted from

kidney slices. Chin. Chim. Acts 79: 47-50, 1977.

1226. WINER, N.: Mechanism of increased renin secretion associated with adre-
nalectomy, hemorrhage, renal artery constriction, and sodium depletion.

In Hypertension ‘72, ed. by J. Genest and E. Koiw, pp. 25-36, Springer-

Verlag, New York, 1972.

1227. WINER, N., CHOKSHI, D. S., AND WALKENHORST, W. G.: Effects of cyclic
AMP, sympathomimetic amines and adrenergic receptor antagonists on
renin secretion. Circ. Res. 29: 239-248, 1971.

1228. WINER, N., CHOKSHI, D. S., YooN, M. S., AND FREEDMAN, A. D.: Adrenergic
receptor mediation of renin secretion. J. Chin. Endocrinol. Metab. 29:

1168-1175, 1969.

1229. WING, L M. H., REID, J. L, HAMILTON, C. A., SEVER, P., DAVIES, D. S.,
AND DOLLERY, C. T.: Effects of chonidine on biochemical indices of
sympathetic function and plasma rena activity in normotensive man.

Chin. Sci. Moh. Med. 53: 45-53, 1977.
1230. WISE, B. L.,AND GANONG, W. F.: Effect of brain-stem stimulation on renal

function. Amer. J. Physiol. 198: 1291-1295, 1960.

1231. WITFY, R. T., DAVIS, J. 0., JOHNSON, J. A., AND PREWITT, R. L: Effects of
papaverine and hemorrhage on renin secretion in the non-filtering kid-

ney. Amer. J. Physiol. 221: 1666-1671, 1971.
1232. WITrY, R. T., DAVIS, J. 0., SHADE, R. E., JOHNSON, J. A., AND PREWITF,

R. L.: Mechanisms regulating renin release in dogs with thoracic caval
constriction. Circ. Res. 32: 339-347, 1972.

1233. WOLFE, D. E., POI-FER, L T., AND RICHARDSON, J. A.: Localizing tritiated
norepinephrine in sympathetic axons by electron microscopic autora-
diography. Science 138: 440-442, 1962.

1234. WooDS, J. W., PIi-rMAN, A. W., PULLIAM, C. C., WERK, E. E., WAIDER, W.,
AND ALLEN, C. A.: Renin profiling in hypertension and its use in treat-
ment with propranolol and chhorthalidone. N. Engi. J. Med. 294: 1137-
1143, 1976.

1235. WRIGHT, F. A., AND SCHNERMANN, J.: Interference with feedback control
of glomerular filtration rate by furosemide, triflocin, and cyanide. J. Chin.
Invest. 53: 1695-1708, 1974.

1236. WRIGHT, F. S.: Potassium transport by the renal tubule. In MTP Interna-
tional Review of Science. Kidney and Urinary Tract Physiology, vol. 6,

ed. by A. C. Guyton and K. Thurau, pp. 79-127, Butterworth, London,
1974.

1237. WYLER, F.: Effects of general anesthesia on distribution of cardiac output
and organ blood flow in the rabbit: Halothane and chloralose-urethane.
J. Surg. Res. 17: 381-386, 1974.

1238. YAGI, S., KRAMSCH, S. M., INOUE, G., AND HOLLANDER, W.: Stimulation of
ream secretion by hydralazine. I. Studies in experimental hypertension

ofcoarctation ofthe aorta (Abstract). Circulation 32: suppl. II, 222, 1965.
1239. YALOW, R. S., AND BERSON, S. A.: Assay of plasma insulin in human

subjects by immunological methods. Nature (London) 184: 1648-1649,
1959.

1240. YAMAMOTO, J.: Role of renin-angiotensin system in experimental hyperten-
sion in rats. Jap. Circ. J. 41: 665-675, 1977.

1241. YAMAMOTO, J., MOTSUNAGA, M., HARA, A., P�K, C., KIRA, J., OGIN0, K.,
AND KAWAI, C.: Plasma renin and the antihypertensive effect of anglo-
tensin-Il antagonist in experimental hypertension. Jap. Circ. J. 40: 895-

898, 1976.
1242. YAMAMOTO, K., IWA0, H., ABE, Y., AND MORIMOTO, S.: Effect of Ca on

renin release in vitro and in vivo. Jap. Circ. J. 38: 1127-1131, 1974.
1243. YAMAMOTO, K., OKAHARA, T., ABE, Y., UEDA, J., KISMIM0T0, T., AND

MORIMOTO, S.: Effects of cyclic AMP and dibutyryl cyclic AMP on renin
release in vivo and in vitro. Jap. Circ. J. 37: 1271-1276, 1973.

1244. YAMAMOTO, M., TURKER, R. K., KHAIRALLAH, P. A., AND BUMPUS, F. M.:
Potent competitive antagonist of angiotensin II. Eur. J. Pharmacol. 18:
316-322, 1972.

1245. YAMAMOTO, T., Dol, K., OGIHARA, T., ICHIHARA, K., HATA, T., AND

KUMAHARA, Y.: Changes of blood pressure, plasma ream activity and
plasma aldosterone concentration following the infusion of Sar’-fleM-
angiotensin II in hypertensive, fluid and electrolyte disorders. Progr.

Biochem. Pharmacol. 12: 174-189, 1976.

1246. YASUJIMA, M., ABE, K., AOYAGI, H., IROKAWA, N., MEMEZAWA, H., Or-
SUKA, Y., SArro, T., MIURA, Y., AND YOSHINAGA, K.: Effects of 1-
sarcosine-8-isoheucine-angiotensmn II on blood pressure and plasma renin
activity in various types of hypertension. Tohoku J. Exp. Med. 116: 277-

283, 1975.

1247. YLITALO, P., VAPAATALO, H., METSA-KETELA, T., AND PITKAJARVI, T.:
Dependence of plasma renin activity on prostaghandin excretion in es-
sential hypertension. Acts Physiol. Scand. 102: 120-122, 1978.

1248. YOUNG, D. B., AND GUYTON, D. B.: Steady state aldosterone dose-response
relationships. Circ. Res. 40: 138-142, 1977.

1249. YOUNG, D. B., MCCAA, R. E., PAN, Y., AND GUYTON, A. C.: The natriuretic
and hypotensive effects of potassium. Circ. Res. 38: suppl. H, 84-89,

1976.
1250. YOUNG, D. B., AND ROSTORFER, H. H.: Renin release responses to acute

alterations in renal arterial osmoharity. Amer. J. Physioh. 225: 1009-1014,

1973.
1251. YOUNG, L D., LANGFORD, H. G., AND BLANCHARD, E. G.: Effect of operant

conditioning of heart rate on plasma renin activity. Psychosom. Med.
38: 278-281, 1976.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CONTROL OF RENIN RELEASE 227

1252. YUN, J. C. H., DELEA, C. S., BARi-rER, F. C., AND KELLY, G.: Increase in
rena rehease after sinoaortic denervation and cervical vagotomy. Amer.

J. Physiol. 230: 777-783, 1976.

1253. YUN, J. C. H., DELEA, C. S., BARi-rER, F. C., AND KELLY, G. D.: Increase
in rena release after sinoaortic denervation and cervical vagotomy in
anesthetized dogs. Proc. Soc. Exp. Bioh. Med. 156: 186-191, 1977.

1254. YUN, J. C. H., KELLY, G. D., AND BARi-FER, F. C.: Effect of propranolol on
renin release in the dog. Can. J. Physiol. Pharmacoh. 55: 747-754, 1977.

1255. YUN, J. C. H., KELLY, G., AND BARi-FER, F. C.: Suppression of renin
secretion by propranolol in salt-depleted dogs. Life Sci. 21: 237-244,
1977.

1256. YUN, J., KELLY, G., BARi-rER, F. C., AND SMITH, H., JR.: Role of prosts-

glandins in the control of renin secretion in the dog. Circ. Res. 40: 459-
464, 1977.

1257. YUN, J. C., KELLY, G. D., BARi-rER, F. C., AND TATE, J. E.: Mechanism for
the increase in plasma ream activity by pentobarbitsl anesthesia. Life

Sci. 22: 1545-1554, 1978.
1258. ZACEST, R., GILMORE, E., AND KOCH-WESER, J.: Treatment of essential

hypertension with combined vasodilation and bets.adrenergic blockade.
N. EngI. J. Med. 286: 617-622, 1972.

1259. ZAHIR, M., AND GOULD, L: Phentolamine and bets-adrenergic receptors. J.
Chin. Pharmacol. 11: 197-203, 1971.

1260. ZANCHETFI, A. S.: Neural regulation ofrenin release. Experimental evidence
and clinical implications in arterial hypertension. Circulation 46: 691-
698, 1977.

1261. ZANCHETFI, A., LEONET1’I, G., MORGANTI, A., TERZOLI, L, SCHWARZ, E.,
MANFRIN, M., AND BERNASCONI, M.: Longitudinal study of plasma renin
activity in hypertensive patients under anti-hypertensive treatment in-

chuding diuretics. In Systemic Effects of Antihypertensive Agents, ed. by

M. P. Sambhi, pp. 251-264, Stratton, New York, 1976.
1262. ZARDAY, A., VIKTORA, J., AND WOLFF, F.: The effect of diazoxide on

catecholamines. Metabolism 15: 257-261, 1976.
1263. ZECH, P. Y., LABEEUW, M., POZET, N., HADJ-AISSA, A., SASSARD, J., AND

McAasSM, J.: Response to atenohoh in arterial hypertension in relation to

renal function, pharmacokinetics and rena activity. Postgrad. Med. J.

53: supph. 3, 134-141, 1977.
1264. ZEHNER, J., KLAUS, D., KLUMPP, F., AND LEMKE, R.: Zykhisches AMP und

Reninaktivitst im Nierenvenenphasma nach Amitryptiin, Theophyllin,

Furosemid und bets-adrenergen Rezeptorantagonisten. KIm. Woch-

enschr. 54: 1085-1093, 1976.
1265. ZEMNER, J., KLAUS, D., KLUMPP, F., LEMKE, R., SCHNEIDER, J., AND

KAPERT, A.: Einfluss von B-Synpathikolytika auf die Stimuhierbarkeit

der Reninsekretion durch Theophylhin. Verh. Deut. Gas. Inn. Med. 80:

266-268, 1974.

1266. ZEHNER, J., KLAUS, D., KLUMPP, F., LEMKE, R., AND SCHUBOTZ, R.:

Verhalten der durch aktive Orthostase stimuhierbaren Plasma reninak-

tivitat unter Dihydroergotamin. Med. Welt. 25: 988-990, 1974.

1267. ZEHR, J. E., AND FEIGL, E. 0.: Attenuation ofrenin activity by bets receptor

blockade (Abstract). Fed. Proc. 31: 825, 1972.

1268. ZEHR, J. E., AND FEIGL, E. 0.: Suppression of renin activity by hypotha-
lamic stimulation. Circ. Res. 27/28: suppl. I, 17-26, 1973.

1269. ZEHR, J. E., HASBARGEN, J. A., AND KURZ, K. D.: Reflex suppression of
renin secretion during distention of cardiopulmonary receptors in dogs.

Circ. Res. 38: 232-239, 1976.

1270. ZENSER, T. V., HERMAN, C. A., GORMAN, 11. R., AND DAVIS, B. B.:

Metabolism and action of the prostaglandin endoperoxide PGH2 in rat
kidney. Biochem. Biophys. Res. Comm. 79: 357-363, 1977.

1271. ZIMLICHMAN, R., ROSLER, A., AND RABINOWITZ, D.: Renin response to

furosemide and hypertonic saline infusion. Israel J. Med. Sci. 10: 1562-

1566, 1974.

1272. ZIMMERMAN, B. G., AND GISSLEN, J.: Pattern of renal vasoconstriction and

transmitter release during sympathetic stimulation in the presence of
angiotensin and cocaine. J. Pharmacol. Exp. Ther. 163: 320-329, 1968.

1273. ZINS, G. 11.: Renal prostsglandins. Amer. J. Med. 58: 14-24, 1975.

1274. ZIN5, G. R.: Alterations in renal function during vasodilator therapy. In
Recent Advances in Renal Physiology and Pharmacology, ed. by L G.
Wesson and G. N. Fanelli, pp. 165-186, University Park Press, Baltimore,

1974.
1275. ZUSMAN, R. M., AND KEISER, H. R.: Prostaglandin E� biosynthesis by

rabbit renomedullary interstitial cells in tissue cultures. J. Biol. Chem.

252: 2069-2071, 1977.
1276. ZUSMAN, R. M., SPECTOR, D., CALDWELL, B. V., SPEROFF, L, SCHNEIDER,

G., AND MULROW, P. J.: Effect of chronic sodium loading and sodium

restriction on plasma prostaglandin A, E, and F concentrations in normal

humans. J. Chin. Invest. 53: 1087-1093, 1973.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/



