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A BS T R A CT The present study was undertaken to
examine whether the beta adrenergic agonist, isopro-
terenol, increases plasma renin activity (PRA) by
activation of intrarenal or extrarenal pathways. The
effects of intravenous (i.v.) and renal arterial infusion
of isoproterenol on PRA and renin secretion rate
(RSR) were compared in anesthetized dogs. In 12
studies in 9 dogs i.v. infusion of isoproterenol (0.009-
0.018 ug/kg per min) was associated with an increase
in PRA from 14.7 to 35.7 ng/ml per 3 hr (P < 0.001).
PRA decreased to 19.4 ng/ml per 3 hr (P < 0.001)
after cessation of the infusion. In innervated kidneys
RSR increased from 1640 to 5062 U/min (P < 0.02)
and decreased to 2132 U/min after cessation of the in-
fusion (P < 0.05). In denervated kidneys the control
RSRwas significantly lower (455 U/min) but still in-
creased during i.v. infusion of isoproterenol to 2762
U/min (P < 0.001) and decreased to 935 U/min (P
< 0.001) after the infusion was stopped. These changes
in PRA and RSR were associated with an increase in
cardiac output averaging 49% and a large decrease in
total peripheral resistance. These effects of i.v. iso-
proterenol to increase RSR were not mediated by
changes in renal perfusion pressure since this was held
constant by adjusting a suprarenal aortic clamp. In
addition, there were no changes in glomerular filtration
rate, renal plasma flow, or electrolyte excretion in either
denervated or innervated kidneys during i.v. infusion
of isoproterenol, and the concentration of potassium in
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plasma was unchanged. Prior hypophysectomy abolished
the antidiuretic effect of i.v. isoproterenol but did not
prevent the effect on RSR. In contrast, renal arterial
infusion of isoproterenol at the same dose had no
apparent effect on PRA and RSR in seven studies in
five dogs and also did not produce changes in cardiac
output, peripheral resistance or renal hemodynamics.
These results do not provide evidence for a role of
intrarenal beta adrenergic receptors in the control of
renin release and indicate that the effect of beta adren-
ergic stimulation with isoproterenol to increase the
release of renin is mediated by an extrarenal mecha-
nism. Since the effect of i.v. isoproterenol occurred in
the absence of changes in plasma potassium concen-
tration, renal perfusion pressure, glomerular filtration
rate, renal plasma flow, and electrolyte excretion and
was not abolished by renal denervation, the possibility
must be considered that the effect on renin secretion
is mediated by circulatory factors. The changes in sys-
temic hemodynamics which occurred with i.v. but not
renal arterial infusion of isoproterenol may be involved
in the initiation of such a pathway.

INTRODUCTION
There is now considerable evidence that the sympa-
thetic nervous system plays a role in the regulation of
renin secretion. Several maneuvers which stimulate
sympathetic neural pathways, including hemorrhage
(1-4), carotid occlusion (2), direct electrical stimula-
tion of renal nerves (5-7), infusion of catecholamines
or ganglionic stimulating agents (2, 5, 8-10), hypo-
glycemia (10, 11), and stimulation of the midbrain (12-
14) have been shown to increase the release of renin.
The mechanisms by which sympathetic nervous stimu-
lation increases renin release are unclear. With some
maneuvers, such as severe hemorrhage, decreases in
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arterial pressure may be responsible, at least partially,
for the increased release of renin (1, 4). In some of
these circumstances, however, the systemic arterial
pressure may either increase (carotid occlusion [2],
direct renal nerve [7] and midbrain stimulation [13,
14]) or remain unchanged (moderate hemorrhage [2]
and hypoglycemia [10, 11]). Nevertheless, even in the
presence of an increased or unchanged arterial pressure
sympathetic neural stimulation could cause renal vaso-
constriction and diminish pressure at the level of some
intrarenal pressure-sensitive receptors that influence
the release of renin from cells of the juxtaglomerular
apparatus (3, 15, 16). Evidence that such could be
the case is the finding that, when measured, renal
blood flow, glomerular filtration rate, or both may
diminish during maneuvers that increase sympathetic
discharge (2-5, 8, 9). An additional or alternative path-
way whereby the sympathetic nervous system could
stimulate the release of renin may relate to an associated
diminution in the rate of sodium delivery to (17),
or transport at (18), the macula densa. In addition to
the possible importance of the baroreceptor and macula
densa mechanisms as mediators of renin release sec-
ondary to sympathetic discharge, some investigators
(6, 7, 19-21) have suggested that stimulation of the
renal nerves may increase renin release by a direct
effect on cells of the juxtaglomerular apparatus. This
possibility has been considered tenable since juxtaglo-
merular cells of the afferent arteriole are richly inner-
vated by sympathetic nerves (22, 23). Moreover, it
has been reported recently that stimulation of renal
nerves increases the release of renin in normal (19)
and nonfiltering (20) kidneys in which vascular re-
activity has been diminished by infusing papaverine.
The responsiveness of any pressure-sensitive receptor
(baroreceptor mechanism) may be abolished by the
renal arterial infusion of papaverine (19, 20) and any
effect on renin release related to delivery of filtrate
to the macula densa is presumably precluded in the
nonfiltering kidney (20). On the basis of these result's
(19, 20) it has been suggested that sympathetic stimu-
lation increases the renal release of renin by a direct
neural action on cells of the juxtaglomerular apparatus.
In support of this view are observations that catechol-
amines may increase the production or release of renin
by renal cortical slices in vitro (24).

It has been proposed that intrarenal beta adrenergic
receptors may be involved in such a direct effect of
the sympathetic nervous system to increase the release
of renin (21). Although the i.v. infusion of isopro-
terenol increases plasma renin (25), a role of an asso-
ciated decrease in arterial pressure has not been elimi-
nated. Some studies have suggested that isoproterenol
stimulates release of renin through intrarenal path-

ways, but the design of such studies permits alterna-
tive conclusions (8, 25, 26). The beta adrenergic
blocking agent, propranolol, has been reported to abolish
or attenuate the effect of hypoglycemia (11), midbrain
stimulation (14), renal nerve stimulation (6), and
catecholamine infusion (8, 11) to increase the release
of renin. However, these studies have not distinguished
between 'stimulation of extrarenal and intrarenal beta
adrenergic receptors in the control of renin release.

The present investigation was undertaken to test
more directly for the presence of intrarenal beta adren-
ergic receptors involved in the control of renin release.
Experiments were designed to compare the effect on
renin secretion of i.v. and renal arterial infusions of
the beta adrenergic agonist isoproterenol. The range
of intrarenal doses of isoproterenol used was such that
no evidence of systemic effects of beta adrenergic stimu-
lation was present yet the renal arterial concentration
of the drug was equal to or in excess of that achieved
during the i.v. infusion. An increase in renin secretion
was observed only during the i.v. infusion of isopro-
terenol. Therefore, these results do not provide evi-
dence for an intrarenal beta adrenergic receptor con-
trolling renin release but do support the view that
extrarenal beta adrenergic receptors can influence the
release of renin. This effect of extrarenal beta adren-
ergic stimulation to increase the release of renin was
not related to measured changes in any of the vari-
ables known to influence the release of renin.

METHODS
Experiments were performed in 14 mongrel dogs of either
sex weighing 20-30 kg. In these animals food was withheld
18 hr before study, but water was allowed ad lib. On the
day of study the animals were anesthetized with i.v. pento-
barbital (30 mg/kg), intubated, and ventilated with a Har-
vard respirator (Harvard Apparatus Co., Inc., Millis,
Mass.). Light anesthesia was maintained throughout the
experiment by the intermittent administration of pentobar-
bital. All animals received 5 mg of deoxycorticosterone ace-
tate i.m. A solution of 2.5%o glucose and water was infused
i.v. at 20 ml/min for 50-75 min during which time surgical
procedures were performed. In six dogs hypophysectomy was
performed through the buccal approach on the morning of
the experiment. In all animals polyethylene catheters were
placed in both ureters and renal veins through bilateral
flank incisions. 15 kidneys in 10 animals were denervated by
stripping and severing the renal nerves and then applying
95%o alcohol to the renal pedicle. In five animals a 23-gauge
needle was placed in one renal artery. The patency of the
needle was maintained by the infusion of 2.5%o glucose at
a rate of 0.5 ml/min. In eight animals a Blalock clamp was
placed around the aorta above the origin of both renal
arteries. In all animals catheters were inserted into the aorta
and inferior vena cava via the femoral artery and vein,
respectively, for continuous measurement of arterial and
venous pressure with Statham transducers (Statham Instru-
ments, Inc., Oxnard, Calif.) and a direct writing Gilson
recorder (Gilson Medical Electronics, Inc., Middleton,

1862 1. A. Reid, R. W. Schrier, and L. E. Earley



Wis.). In the animals with the Blalock clamp around the
aorta the arterial pressure also was measured above the
clamp via a catheter in the brachial artery. In all but one
animal a catheter was inserted into the right atrium via
a jugular vein through which indocyanine green was in-
jected for determining cardiac output by a dye dilution
method using a Gilson densitometer and the Lexington In-
struments Cardiac Output Computer (Lexington Instru-
ments Corp., Waltham, Mass.). Arterial blood for deter-
mining dye dilution was withdrawn from the brachial artery
by a Lexington Instruments pump. After completion of the
surgery, an intravenous infusion of 2.5% glucose (0.5 ml/
min) was started with sufficient inulin and p-aminohippuric
acid (PAH)1 to maintain blood levels of these substances
between 15 and 25 and 1 and 3 mg/100 ml, respectively.
After 1-1i liters of 2.5%o glucose had been infused, the rate
was decreased to 4 ml/min above urine flow. The experi-
ment was started after stabilization of urine flow. Urine was
collected at 5- or 10-min intervals throughout the experi-
ment, and arterial and renal venous blood samples were
collected at the midpoint of alternate collections of urine.
Cardiac output measurements were made every third period
of the experiment. Twelve studies with i.v. infusion of iso-
proterenol were performed in nine animals, 5 of which were
hypophysectomized. In 10 of these experiments the renal
perfusion pressure was lowered by 9-33 mmHg 1-1A hr
before starting the experiment and then maintained at the
same level throughout the experiment. In the other two
experiments (dogs 1 and 9) the renal perfusion pressure
was not lowered before the experiment but did remain con-
stant throughout the study. Seven studies with renal arterial
infusion of isoproterenol were performed in five animals.
Since arterial pressure did not change during the renal arte-
rial infusion of isoproterenol, an aortic clamp was not used
in these experiments. Except for the route of administration
of isoproterenol the following protocol was used for all of
the studies. After three to five control periods isoproterenol
in a 2.5%o glucose solution was infused at a rate of 0.5
ml/min either i.v. or into the renal artery. A dose of 0.018
dig/kg per min was used in all the i.v. experiments except
one and in four of the intrarenal experiments. In one of the
i.v. and in three of the intrarenal infusions a dose of 0.009
,og/kg per min was used. An equilibration period of 10-20
min was allowed to elapse and then three to five collections
of urine were made. The isoproterenol infusion was then
discontinued and after another 10-20 min equilibration period
three to five postinfusion periods were obtained.

The analytical procedures and calculations for clearances
of inulin and PAH and excretion of water and electrolyte
have been described elsewhere (27). Renal plasma flow was
calculated from the clearance and extraction of PAH.
Plasma renin activity (PRA) was measured using an im-
munoassay for angiotensin I (AI) (28, 29) and expressed
as nanograms AI formed per milliliter of plasma during a
3 hr incubation. A rate of renin secretion (RSR) was cal-
culated from the renal arteriovenous difference in plasma
renin activity and renal plasma flow, and is expressed as
PRA units per minute. All results are expressed as means
-+1 SE. Statistical significance was determined using the
Student t test for paired data from the same animal, except
when comparing the results between the innervated and
denervated kidneys, in which case the unpaired Student t
test was used.

1 Abbreviations used in this paper: AI, angiotensin I;
PAH, p-aminohippuric acid; PRA, plasma renin activity;
RSR, renin secretion rate.

RESULTS

Intravenous isoproterenol. The effects of i.v. iso-
proterenol infusion on systemic and renal hemodynam-
ics, electrolyte excretion, PRA, and RSR are shown
in Table I. In all experiments, there was a reversible
increase in PRA. Mean PRA increased from 14.7±3.3
(SE) to 35.7+5.2 ng/ml per 3 hr during the infusion
(P < 0.001) and decreased to 19.4±3.5 ng/ml per 3 hr
after the infusion was stopped (P < 0.001). Reversible
increases in RSRoccurred in 21 of the 24 kidneys and
were of similar magnitude in the innervated and dener-
vated kidneys. In the innervated kidneys, RSR rose

from 1640±451 to 5062±1170 U/min during the in-
fusion (P < 0.02) and decreased to 2132±425 U/min
after cessation of the infusion (P < 0.05). In the dener-
vated kidneys, the mean RSR during the preinfusion
control period was 455±142 U/min and this was sig-
nificantly lower than the corresponding value in the
innervated kidneys (P < 0.02). RSR in the denervated
kidneys increased to 2762±546 U/min during the iso-
proterenol infusion (P < 0.001) and decreased to 935

+347 U/min after the infusion was stopped (P <
0.001). The postinfusion control value in these kidneys
was also significantly lower than the corresponding
value in the innervated kidneys (P < 0.05).

These changes in renin secretion during i.v. infusion
of isoproterenol were associated with large increases in
cardiac output and small decreases in systemic arterial
pressure. Cardiac output increased from 3.7±0.2 to
5.5+±0.4 liters/min during the infusion (P < 0.001)
and decreased to 3.5±0.3 liters/min after cessation of
the infusion (P < 0.001). Systemic arterial pressure
decreased from 143±5 to 135+6 mmHg during the
infusion (P < 0.05) and increased to 141+4 mmHg
after the infusion was stopped (P < 0.02).

The decrease in systemic arterial pressure was not
transmitted to the kidneys since renal perfusion pres-
sure was maintained at a constant level by adjustment
of the aortic clamp. The infusion of isoproterenol was
not associated with significant changes in either glo-
merular filtration rate or renal plasma flow. During
preinfusion control periods, sodium excretion by the
denervated kidneys was significantly higher than that
by innervated kidneys (P < 0.02). Sodium excretion
did not change during the isoproterenol infusion, but
increased slightly in both innervated and denervated
kidneys after the infusion was stopped. Potassium ex-
cretion did not change in either innervated or dener-
vated kidneys when the isoproterenol was infused, but
there was a small increase by the innervated kidneys
after cessation of the infusion.

In the animals in which the pituitary was intact,
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TABLE I

Effect of ILv. Isoproterenol on Systemic and Renal

Cardiac output Systemic arterial pressure Renal perfusion pressure Plasma renin activity

Pre- Post- Pre- Post- Pre- Post- Pre- Post-
Dog* cont4 Iso contt cont Iso cont cont Iso cont cont Iso cont

lilers/min mmHg mmHg ng/ml/3 hr
1 3.7 4.2 3.1 140 140 140 140 140 140 13.1 30.0 23.5

2 3.8 4.8 3.0 160 150 150 145 147 145 29.0 62.0 44.0

3.0 4.6 3.1 150 143 145 145 143 145 44.0 58.5 42.0

3 4.2 6.7 4.4 155 168 168 132 137 135 11.7 20.4 17.4

4.4 5.9 4.6 168 167 162 135 136 138 17.4 35.5 22.5

4 5.0 6.8 4.8 112 100 115 103 100 100 11.7 40.5 17.2

5 3.4 4.0 2.5 145 123 143 122 123 118 10.3 30.5 8.8

6 3.1 4.8 2.0 125 120 130 110 110 110 12.4 68.0 17.4

7 2.8 6.5 3.1 155 130 137 130 130 127 7.5 20.5 10.7

8 5.0 8.5 5.5 160 142 143 135 135 135 5.2 17.0 12.0

9 2.9 4.8 2.9 117 115 128 117 115 110 4.1 28.3 9.6

2.9 4.5 2.5 128 122 132 110 115 118 9.6 17.0 7.3

Mean 3.7 5.5 3.5 143 135 141 127 128 127 14.7 35.7 19.4
SE ±0.2 40.4 40.3 4:5 4:6 :14 44 +14 44 ±3.3 45.2 43.5
P value <0.001 <0.001 <0.05 <0.02 NS NS <0.001 <0.001

* Two experiments were performed in dogs 2, 3, and 9; dogs 2, 4-6, and 9 were hypophysectomized.
$ Pre-cont, control values before isoproterenol infusion; Iso, values during isoproterenol infusion; Post-cont, values after
cessation of infusion.
§ Denervated kidneys; L, left kidney; R, right kidney.

isoproterenol infusion was associated with a significant
antidiuresis. This effect has been described previously
and apparently is due to an effect of isoproterenol to
stimulate the release of vasopressin (30). This anti-
diuretic effect did not occur in the hypophysectomized
animals. In this latter group of five animals urine flow
rates before, during and after the infusion were 3.1
±0.4, 2.6-0.3, and 2.9±0.4 ml/min, respectively. The
corresponding values for free water clearance were 2.1+±
0.3, 1.7+0.3, and 2.1±0.3 ml/min, and for urinary os-
molality were 91±7, 100±10, and 78±6 mOsm/kg H20.
None of these changes was statistically significant ex-

cept the decrease in urinary osmolality which occurred
after cessation of the infusion (P < 0.01).

In these experiments involving i.v. infusion of iso-
proterenol, there were no significant and reversible
changes in plasma sodium, potassium, or protein con-
centration. The hematocrit, however, increased from
42.4±1.7 to 45.8±1.3% during the infusion (P < 0.001)
and decreased to 42.5±1.5% after the infusion was
stopped (P < 0.001).

Intrarenal isoproterenol. The effects of renal arterial
infusion of isoproterenol on systemic and renal hemo-
dynamics, electrolyte excretion and renin secretion are
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Hemodynamics, Electrolyte Excretion, and Renin Secretion

Renin secretion rate Glomerular filtration rate Renal plasma flow Sodium excretion Potassium excretion

Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post-
cont Iso cont cont Iso cont cont Iso cont cont Iso cont cont Iso cont

U/min mlminm/lmin 1gEq/min IsEq/min

L 3080 2244 513 56.2 60.0 65.7 200 187 205 12.5 11.9 33.2 34 33 44
R 2245 3456 2024 51.1 56.5 60.9 206 192 213 5.0 4.6 11.5 25 26 34
L 0 2772 1925 45.9 45.2 47.5 154 132 154 7.5 5.1 8.1 19 16 24
R 2048 3360 3308 47.1 51.3 54.3 195 160 189 7.5 7.4 9.8 23 16 26
L 1925 5360 824 47.5 51.7 56.2 154 160 206 8.1 7.0 13.2 24 23 32
R 3308 5425 1892 54.3 52.8 55.6 189 155 172 9.8 12.0 17.7 26 24 33
L§ 354 2152 1363 60.1 72.4 66.2 161 203 213 7.7 32.3 30.4 35 75 69
R 2258 4155 4799 57.2 66.5 71.4 166 212 258 9.0 25.4 23.4 35 64 65
L§ 1363 3105 0 66.2 68.6 82.0 213 207 269 30.4 49.5 69.0 69 99 108
R 4799 8748 3878 71.4 67.1 80.6 258 216 277 23.4 28.7 36.2 65 76 88

L§ 1023 7053 3741 50.4 51.2 51.5 155 155 145 1.3 0.5 1.1 28 22 24
R 988 15240 2599 38.5 36.5 38.6 122 120 122 5.4 4.6 5.0 21 14 16
L§ --319 - 125 388 38.4 37.5 34.2 152 125 97 4.9 1.6 3.1 17 12 12
R 434 1785 1250 30.9 34.9 26.2 140 119 71 0.5 0.6 0.6 14 11 8
L 644 5252 442 30.3 31.3 23.6 113 101 69 4.1 0.7 0 12 12 6
R§ 888 3430 576 28.0 28.1 17.7 111 98 57 1.8 0.7 0.2 13 11 6
L§ 93 2485 393 39.9 39.7 47.9 133 142 157 102 98 125 25 27 31
R§ 142 4278 227 40.0 41.4 44.3 129 145 142 59 51 57 24 25 30
L§ 540 2838 1342 66.4 73.2 69.8 216 227 244 48.7 20.2 36.3 43 33 43
R§i 1189 5473 3416 65.2 64.0 69.2 205 199 244 53.7 22.4 41.6 41 34 41
L§ 133 1950 384 26.1 24.8 24.5 95 99 80 12 11.6 10.2 19 17 16
R§i 38 986 83 24.4 23.6 23.1 94 88 69 42 5.9 6.3 18 17 15
L§ 384 1120 86 24.5 25.9 25.8 80 80 78 10.2 14.3 22.4 16 19 19
R§ 83 1155 156 23.1 24.6 24.6 69 70 71 6.3 11.5 20.7 15 18 17

1640 5062 2132 48.2 50.3 52.8 172 159 176 8.4 9.8 14.4 27 29 34
--451 4-1170 4-425 4-3.6 -1-3.7 4-5.4 :-13 --12 --20 :1:1.8 4-12.8 -:13.7 4-4 t-:7 --7

<0.02 <0.05 NS NS NS NS NS <0.05 NS <0.02
Mean§ 455 2762 935 42.5 44.2 44.7 139 141 144 29.2 24.6 32.6 28 31 33
SE§ 4-142 -4546 4-347 4-4.8 --5.4 -416.0 :-14 :-15 :-21 :-8.4 --:7.7 4:9.8 -:14 -07 :i:8
P value§ <0.001 <0.001 NS NS NS NS NS <0.02 NS NS

shown in Table II. There were no significant changes DISCUSSION
in cardiac output or blood pressure and renal hemo- The present results are in agreement with previous
dynamics and electrolyte excretion did not change sig-
nificantly in either the ipsilateral or contralateral kid- repors ta beta adrenergic main inreases the
neys. There was not a statistically significant increase r o
in RSR in either the ipsilateral or contralateral kidneys. present experimental design was to determine if this
A small but significant increase in PRA did occur effect of beta adrenergic stimulation is attributable to a
during the isoproterenol infusion, but no significant direct response of intrarenal beta adrenergic receptors
decrease in PRA occurred when the infusion was or whether some systemic effect of beta adrenergic
stopped. There were no significant changes in plasma stimulation initiates extrarenal events that lead to in-
sodium, potassium, protein concentration, or arterial creased release of renin. The amount of isoproterenol
hematocrit. infused into the renal artery in these studies exposed
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TABLE I I
The Effect of Renal Arterial Infusion of Isoproterenol on Systemic

Cardiac output Arterial blood pressure Plasma renin activity Renin secretion rate

Pre- Post- Pre- Post- Pre- Post- Pre- Post-
Dog* cont Iso cont cont Iso cont cont Iso cont cont Iso cont

lilers/min mmHg ng/m1/3 hr U/min
10 4.4 4.3 3.9 162 151 152 4.3 6.3 3.3 I 235 414 144

C 324 480 160
11 5.2 4.8 4.5 147 150 153 3.8 8.0 4.8 I 824 3050 1019

C 955 2203 1430
12 5.6 4.8 4.8 157 133 126 7.3 15.0 24.5 I 601 3864 3818

C 1416 3750 5365
4.8 4.8 4.8 126 125 115 24.5 26.0 24.5 I 3818 2925 2430

C 5365 3240 3828
13 - - 137 135 135 1.8 5.4 4.1 I 851 785 350

C 710 268 409
- 135 138 100 4.1 6.5 7.0 I 350 426 403

C 409 474 1241
14 3.5 3.5 3.0 114 110 97 59.0 57.5 53.0 I -380 1032 2648

C 1521 495 1314

Ipsilateral
Mean 4.7 4.4 4.2 140 135 125 15.0 17.8 17.3 900 1785 1545
SE :10.4 :1:0.3 ±0.3 ±6 45 49 ±7.9 47.2 ±6.9 41512 4=546 4538
P value NS NS NS NS <0.05 NS NS NS

Contralateral
Mean 1529 1559 1964
SE ±663 ±560 ±723
P value NS NS

I, values in ipsilateral kidney receiving renal arterial infusion; C, values in the noninfused contralateral kidney. Other abbrevi-
ations as in Table I.
* Two experiments were performed in dogs 12 and 13. Dog 14 was hypophysectomized, both kidneys were denervated, and
phenoxybenzamine (0.1 ,pg/kg per min) was infused into the ipsilateral kidney throughout the experiment.

the kidney to even more of the agent than would have
reached the kidney during the i.v. infusion of isopro-
terenol. Nevertheless, an increased secretion of renin
occurred only when the agent was infused i.v.

It might be expected that the infusion of isoprotere-
nol into the renal artery would result in the delivery
of the agent into the general circulation in an amount
sufficient to produce extrarenal effects similar to those
occurring when the agent was infused i.v. The failure
to observe changes in systemic hemodynamics during
the renal arterial infusion of isoproterenol suggested
that the kidney was removing or otherwise inactivating
much of the agent. Recent studies in our laboratory
support this conclusion by showing that when labeled
isoproterenol is infused into the renal artery less
than 50% appears in the renal vein.2 This efficient re-
moval of isoproterenol by the kidney permits an ex-

aLifschitz, M., A. Goldfein, and R. W. Schrier. Unpub-
lished data.

perimental design for examining the intrarenal effects
of relatively large doses of isoproterenol without alter-
ing systemic hemdynamics.

Since the i.v. but not the renal arterial infusion of
isoproterenol increased renin secretion we conclude
that beta adrenergic stimulation with isoproterenol in-
creased release of renin by an extrarenal effect of the
agent. This conclusion is at variance with prior sug-
gestions that isoproterenol stimulates the release of
renin as a result of a direct action on intrarenal beta
adrenergic receptors (21). Some of the evidence for
the existence of intrarenal beta adrenergic receptors
which control renin release is derived from previous
demonstrations that the renal arterial infusion of iso-
proterenol increased plasma renin activity (8, 25, 26).
However, other investigators have not observed an
effect of renal arterial infusion of isoproterenol on
renin release (2). In addition, the doses of the drug
used in all of these earlier experiments were larger than
those used in the present study and, thus, any effect
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and Renal Hemodynamics, Electrolyte Excretion, and Renin Secretion

Glomerular filtration rate Renal plasma flow Sodium excretion Potassium excretion

Pre- Post- Pre- Post- Pre- Post- Pre- Post-
cont Iso cont cont Iso cont cont Iso cont cont IsO cont

ml/min mlmin j&Eq/min pEqlmin
52.0 51.4 52.1 235 207 206 28.9 40.2 46.9 18 21 20
49.3 47.4 48.3 249 200 229 19.0 22.3 32.2 17 17 19
62.9 63.8 72.7 317 391 392 19.2 20.7 23.4 51 58 74
67.8 63.1 61.9 308 272 275 7.4 7.8 9.7 49 46 54
50.5 48.2 49.6 167 161 166 34.9 43.2 46.8 29 30 29
47.9 42.8 45.5 149 150 185 30.8 35.3 44.9 26 25 26
49.6 56.9 43.5 166 195 108 46.8 60.9 45.7 29 31 31
45.5 52.0 41.4 185 209 116 44.9 52.7 48.4 26 28 29
46.0 40.8 37.5 152 157 106 38.5 16.6 10.0 26 19 23
45.1 42.8 39.9 222 206 186 51.8 47.1 43.7 37 21 11
37.5 43.3 39.3 106 129 144 10.0 13.5 8.9 23 27 22
39.9 39.8 34.1 186 206 197 43.7 43.1 36.8 11 7 4
39.2 38.1 31.8 190 172 141 18.1 27.8 13.9 35 31 23
36.1 35.1 31.8 169 165 146 10.8 20.0 13.7 28 28 24

48.2 48.9 46.6 190 202 180 28.1 31.8 27.9 30 31 32
± 3.2 4±3.5 -45.1 --26 -±33 4-38 ±-4.9 -±6.5 ±-6.8 ±-4 ±-5 --7

NS NS NS NS NS NS NS NS

47.4 46.1 43.3 210 201 191 29.8 32.6 32.8 28 25 24
±3.8 ±t3.5 ±-3.8 ±t21 -± 15 ±-20 ±-6.7 ±t6.2 ±-5.8 -±5 ±-5 -±6

NS NS NS NS NS NS NS NS

on renin secretion could have been initiated by extra-
renal actions of the drug. This possibility cannot be
evaluated since cardiac output and total peripheral re-
sistance were not measured in these previous studies
(2, 8, 25, 26). Measurements of arterial pressure alone
may not be adequate to exclude a systemic effect of
isoproterenol since in the present study cardiac output
often increased, with little or no change in arterial
pressure, indicating a large fall in peripheral re-
sistance. Moreover, in other studies the effect of in-
fusing isoproterenol into a renal artery was not com-
pared with the effect in the contralateral noninfused
kidney (2, 8, 25, 26)-a comparison that would seem
necessary in order to document an intrarenal effect on
the release of renin. In one previous study the effect
of the renal arterial infusion of isoproterenol on renin
release has been compared with the effect of an i.v.
infusion of the drug (25). Although the renal arterial
infusion was associated with a larger effect on renin
release, two aspects of the study make this finding dif-

ficult to interpret. Specifically, the study was performed
in animals with hypertension secondary to' constriction
of a renal artery and isoproterenol was infused into
the constricted renal artery. Moreover, the renal ar-
terial infusion was begun after an hour of i.v. infusion
of the drug, and there were no studies to examine
whether a 2nd hr of i.v. infusion of isoproterenol
would have similarly increased the release of renin.

The finding that large doses of the beta adrenergic
blocking agent, propranolol, may abolish or attenuate
the effect of several maneuvers which otherwise in-
crease renin secretion (7, 11, 14) does not necessarily
provide evidence for the existence of an intrarenal
beta adrenergic receptor controlling renin release. In
such studies, propranolol has been administered sys-
temically and, thus, selective intrarenal beta adrenergic
blockade has not been achieved. Therefore, the action
of propranolol to abolish the effects of adrenergic dis-
charge on renin secretion could be a consequence of
either extrarenal or intrarenal beta adrenergic block-
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ade. However, the finding that propranolol abolishes
the increased release of renin after stimulation of the
renal nerves suggests an intrarenal role of beta adre-
nergic receptors. It is possible that properties of pro-
pranolol other than its effect to block beta adrenergic
receptors may be involved in this altered response to
stimulation of renal nerves. For instance, propranolol
may prevent effects of renal nerve stimulation to in-
crease renal vascular tone or to decrease the excretion
of sodium, changes which should influence the release
of renin. In this regard, it has been reported that both
the d- and i-isomers of propranolol block the effect of
norepinephrine to increase renin release (31) even
though only the i-isomer possesses beta adrenergic
blocking properties (32).

In the present study, several stimuli which are
known to increase the release of renin can be excluded
as mediating the observed response to i.v. isoproterenol.
Although arterial pressure usually decreased during the
i.v. infusion of isoproterenol, this change was not trans-
mitted to the kidneys since the experimental design per-
mitted the maintenance of unchanged renal perfusion
pressure. Thus, the increased release of renin which oc-
curred during the i.v. infusion of isoproterenol could not
have been due to an effect of mean renal perfusion pres-
sure on an intrarenal baroreceptor.

There is evidence that the release of renin may be
influenced by the amount of sodium delivered to, or
transported at, the macula densa, independently of an
effect on renal perfusion pressure (17, 18). In the
present studies there was no evidence that the delivery
of filtrate to the macula densa decreased during the
i.v. infusion of isoproterenol. Neither glomerular filtra-
tion rate nor sodium excretion diminished during the i.v.
infusion of isoproterenol, changes which may be associated
with a diminution in delivery of filtrate to distal tubular
sites. Moreover, during water diuresis in the hypophy-
sectomized animals, urinary volume and free water clear-
ance did not decrease. This provides additional evidence
that the delivery of filtrate from the proximal tubule and
reabsorption of sodium by the distal tubule were un-
changed, as the release of renin increased during the i.v.
infusion of isoproterenol.

The present results also demonstrate that the effect of
i.v. infusion of isoproterenol to increase renin secretion
is not dependent on renal innervation. Although renal
denervation reduced the control rate of renin secretion,
it did not significantly alter the effect of i.v. isoproterenol
to stimulate renin release.

It seems possible that the effect of i.v. isoproterenol
to increase the secretion of renin was related to the
systemic hemodynamic consequences of extrarenal beta
adrenergic stimulation. I.v. isoproterenol resulted in
increased cardiac output and decreased peripheral re-

sistance but neither of these hemodynamic changes oc-
curred during the renal arterial infusion of isoprotere-
nol which also failed to increase the release of renin.
A similar extrarenal hemodynamic pathway has been
proposed for the antidiuretic effect of beta adrenergic
stimulation, since antidiuresis (and systemic hemo-
dynamic changes) also occurs with i.v. but not renal
arterial infusion of isoproterenol (30). Vasopressin
appears to be the mediator of this antidiuretic effect of
i.v. isoproterenol since the effect is abolished by hypo-
physectomy. Vasopressin does not seem to be the medi-
ator of the effect of i.v. isoproterenol to stimulate renin
secretion, since the effect on renin was not altered by
hypophysectomy. However, since the increase in renin
secretion occurred in the absence of a change in renal
perfusion pressure, glomerular filtration rate, renal
plasma flow, and electrolyte excretion, and was not
abolished by renal denervation, the possibility exists
that the effect of systemic beta adrenergic stimulation
is mediated by a change in the level of some circulatory
substance other than vasopressin. The only composi-
tional change in blood that was measured during i.v.
isoproterenol was a small increase in hematocrit. Al-
though an effect of hematocrit on renin secretion has
not been described, we have previously demonstrated
that large changes in hematocrit may alter renal hemo-
dynamics and sodium excretion (27). Even so, the small
changes in hematocrit observed in the present study
were not associated with changes in either renal hemo-
dynamics or sodium excretion.

It seems possible that the fall in systemic arterial
pressure that frequently accompanied i.v. infusion of
isoproterenol could result secondarily in increased ac-
tivity of the sympathetic nervous system. If so, an in-
crease in the circulating level of catecholamines could
be involved in mediating the increased release of renin.
Some evidence consistent with increased adrenergic
discharge during the i.v. infusion of isoproterenol was
the increase in hematocrit, which may have been caused
by a release of red blood cells from the spleen. It
would appear, however, on the basis of the present
results, that any effect of adrenergic discharge and
circulating catecholamines on renin release would not
be mediated through intrarenal beta adrenergic recep-
tors. Alternatively, if a change in the plasma concen-
tration of catecholamines is not involved, then some
other undefined circulatory factor may mediate the
effect of i.v. isoproterenol to increase the secretion of
renin.
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