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A B S T R A C T Water diuresis was produced in anesthe-
tized hypophysectomized, cortisone-treated dogs by infu-
sion of 2.5% dextrose. Alpha adrenergic blockade of
the left kidney produced by infusion of phenoxybenza-
mine in the left renal artery was associated with a
significantly (P < 0.05) greater rate of urine flow (V)
and free water excretion (CH2o) in the left kidney than
in the right despite similar glomerular filtration rates
(GFR) (17 ±1.3 ml/min, left; 18 ±0.9 ml/min, right).
Sodium excretion (UNaV) was similar in the two kid-
neys (3 and 5 iEq/min).
When beta adrenergic stimulation of the left kidney

was superimposed on alpha blockade by the addition
of isoproterenol to the left renal artery infusate, GFR
remained unchanged and similar in the two kidneys, as
V and CH20 increased significantly (P < 0.01) in the
left kidney but not in the right. When isoproterenol was
discontinued, V and CH2o returned towards control in
the left kidney and remained unchanged in the right.
The ratios of the left kidney to the right during con-
trol, isoproterenol, and postcontrol were 1.22, 1.65, and
1.35, respectively, for V and 1.36, 1.90, and 1.44, re-
spectively, for CH20. Sodium excretion remained un-
changed and similar in the two kidneys throughout the
study.
The results indicate that blockade of alpha adrenergic

activity inhibits the increased proximal tubular sodium
reabsorption which anesthesia induces in the dog.

Beta adrenergic stimulation appears to decrease proxi-
mal tubular sodium reabsorption but does not prevent
virtually complete reabsorption of the increased quantity
of delivered sodium by the ascending limb of the loop
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of Henle and the distal tubule. These changes in sodium
reabsorption presumably are not associated with changes
in colloid osmotic pressure or hydrostatic pressure in
the peritubular capillary inasmuch as cortical and non-
cortical plasma flow, filtration fraction, and mean
arterial pressure in the left kidney were unchanged.
Thus, isoproterenol probably produced its effects through
a direct action on the renal tubule, possibly through the
mediation of the adenyl cyclase system.

INTRODUCTION
An increase in renal blood flow in response to a renal
arterial injection of isoproterenol has been reported by
a number of investigators (1-3), and this observation
was the basis for the assumption that beta adrenergic
receptors are present in the kidney (1). Recent findings
that beta adrenergic blockade, but not alpha adrenergic
blockade, prevented an increase in renal blood flow when
isoproterenol was injected in a renal artery indicate that
renal beta adrenergic receptors do, indeed, mediate the
increase in renal blood flow produced by isoproterenol
(2, 3).
In another study, a brief infusion of isoproterenol into

a renal artery of a saline-loaded dog increased renal
blood flow and sodium excretion (UNaV) ipsilaterally
but did not appear to alter glomerular filtration rate
(GFR) (4).
The present experiments were designed to explore

in greater detail the effects of isoproterenol on renal
tubular function in the dog and to determine if these
effects are related to changes in renal hemodynamics.
During a stable water diuresis and blockade of alpha
adrenergic receptors in the left kidney by phenoxyben-
zamine, a dose of isoproterenol sufficient to produce a
change in urine flow was infused in the left renal artery.
Urine flow (V) and free water clearance (Ci2o) were
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FIGURE 1 The effect of infusion of phenoxybenzamine and of phenoxybenzamine
and isoproterenol in the left renal artery (LRA) of a water-loaded hypophysec-
tomized (hypox) dog on CIN (clearance of inulin), urine volume, CH2O (clearance
of solute-free water), and UNaV (sodium excretion) in the right and left kidney.

assumed to reflect delivery of glomerular filtrate out of
the proximal tubule and reabsorption of sodium at a

distal diluting site (5). The pituitary was removed
before the study to ensure against the possibility of an

increase in water permeability of the distal nephron as

a result of an enhancement of antidiuretic hormone
action by isoproterenol such as has been observed in
the toad bladder (6).

METHODS

Mongrel dogs weighing 18-27 kg (mean 22.2 kg) were fed
a synthetic diet which contained 50 mEq of sodium per day.
On the day of study, the dogs were anaesthetized with
pentobarbital, hypophysectomized with a dental drill through
a buccal approach, and given 12.5 mg of cortisone acetate,
intramuscularly. Catheters were placed in both ureters, the
left renal artery, the left renal vein by way of the spermatic
or ovarian vein, and the aorta to measure mean arterial
pressure (7). Normal saline containing inulin and p-amino-
hippurate was infused in a femoral vein at 0.5 ml/min by

a constant infusion pump. Normal saline containing 0.18
,ug/kg per ml of phenoxybenzamine (Smith, Kline & French
Laboratories, Philadelphia, Pa.) was infused in the left renal
artery at 0.5 ml/min by a constant infusion pump through-
out the study. Water diuresis was produced by intravenous
infusion of 2.5% dextrose solution first, 1000 ml rapidly,
then at 8 ml/min. When urine flow was stable, approxi-
mately 1 hr after the operative procedure, clearance mea-
surements were started. After three control periods, 0.036
,ug/kg per ml of isoproterenol (Winthrop Laboratories,
New York) was added to the solution infused in the left
renal artery for four to six periods. The study was con-
tinued for three or four periods after isoproterenol was
stopped. The postcontrol data for experiments S-24, S-26,
and S-29 were omitted because of decreases in the clearance
of inulin and in urine flow in the right kidney during the
postcontrol observations. All clearance periods were 20 min
in duration. The results of control periods from clearance
studies in which phenoxybenzamine was omitted from the
left renal artery infusate are included for comparison.
The clearances of inulin (CIN) and p-aminohippurate

(CPAH) were determined as previously described (7). Serum
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and urinary sodium were determined by internal standard
flame photometry; serum and urinary osmolality were mea-
sured by a Precision Systems osmometer (Precision Systems
Co., Inc., Somerville, N. J.).

CHio was calculated by the conventional formula and
expressed as milliliters per minute. For purposes of com-
parison, the data on urine flow and CHO for the right
and left kidneys were also expressed as ml per 100 ml
of glomerular filtrate to correct for small variations in
CIN. Extraction of PAH (EPAH) was calculated from
the formula EPAH= (RA[pAH]- RV[PAH]) /RAIPAH], where
RAIPAIaI and RV[pAHi are the concentrations of PAH in
renal arterial and venous samples, respectively. Renal plasma
flow (RPF) then was calculated by the formula RPF =
CPAI/EPAH. Noncortical plasma flow (NCPF) was calcu-
lated as RPF - CPAH and taken as an estimate of medullary
plasma flow; CPAH was assumed to approximate cortical
plasma flow (8). The significance of the data was deter-
mined by paired analysis.

RESULTS
Fig. 1 shows the design of the study and the results of
an experiment. An infusion of 2.5% dextrose solution in

an hypophysectomized dog during an infusion (0.5 ml/
min) of a solution of 0.18 ug/kg per ml of phenoxy-
benzamine in the left renal artery was associated with a
mean V of 0.7 ml/min and a mean CH2O of 0.24 ml/min
from the right kidney and a mean V of 1.05 ml/min
and a mean CHI2O of 0.48 ml/min from the left kidney.
Mean CIN and mean UNav in each of the two kidneys
were similar. When 0.036 mLg/kg per ml of isoproterenol
was added to the solution infused in the left renal
artery, V and CH2O increased in the right kidney (to
1.0 and 0.46 ml/min, respectively) and to a greater
extent in the left kidney (to 2.12 and 1.25 ml/min, re-
spectively). When isoproterenol was discontinued V
and CH2o decreased in the right kidney (to 0.60 and 0.18
ml/min, respectively) and to a greater extent in the
left kidney (to 1.25 and 0.57 ml/min, respectively). CIN
and UNaV remained essentially unchanged from the
control period throughout the study.

TABLE I
Effects of Infusion of JIsoproterenol in the Left Renal Artery on the Function of the Right and Left Kidneys

Right kidney Left kidney

Experiment Regimen CIN V CH20 UxN-V CIN V CH20 UNaV

ml/min pEq/min ml/min gEq/min

S-24 C* 17 0.87 0.58 2 19 0.93 0.63 3
I++ 16 1.08 0.67 3 18 1.32 0.91 3

S-25 C 20 0.72 0.24 1 20 0.92 0.39 1
I 14 0.96 0.32 0 17 2.00 1.01 2

PC§ 11 0.80 0.24 0 16 1.78 0.85 2

S-26 C 19 1.45 0.62 3 20 2.00 1.12 10
I 16 0.82 0.31 1 18 2.48 1.48 14

S-27 C 14 0.70 0.24 4 14 1.05 0.48 6
I 13 1.00 0.46 2 15 2.12 1.25 4

PC 10 0.60 0.18 1 14 1.25 0.57 2

S-29 C 20 1.50 1.00 7 16 1.15 0.80 5
I 17 1.30 0.80 5 16 2.20 1.62 2

S-30 C 16 1.92 1.16 6 12 2.02 1.28 5
I 17 1.70 0.97 3 13 2.15 1.32 5

PC 16 1.65 0.88 3 15 1.95 1.02 3

S-32 C 20 1.42 1.12 1 21 2.08 1.74 2
I 20 1.48 1.18 2 22 2.32 1.94 4

PC 18 1.35 1.09 2 20 1.95 1.60 4

C 18 ±0.9 1.23 ±i0.17 0.71 ±0.13 3 17 ±1.3 1.45 ±0.17 0.92 ±0.19 5
Mean I 16 ±1.0 1.19 ±0.13 0.67 ±0.12 2 17 ±1.3 2.08 ±0.17 1.36 ±0.15 5
4±SEM PC 14 ±1.1 1.10 ±0.26 0.60 ±0.23 2 16 ±1.5 1.73 ±0.18 1.01 ±0.26 3

P C vs. I >0.1 >0.7 >0.4 >0.4 <0.01 <0.01

CIN = mean clearance of inulin; V = mean urine flow; CHO = mean free water clearance; UNaV = mean sodium excretion.
* C = control; infusion of phenoxybenzamine in left renal artery.
t I Z infusion of isoproterenol and phenoxybenzamine in left renal artery.
§ PC = postcontrol; infusion of phenoxybenzamine in left renal artery.
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The results for all the studies are presented in Table
I. During the control period, mean V and CH2o were
1.23 ml/min +0.17 SE and 0.71 +0.13, respectively,
for the right kidney and 1.45 ±0.17 ml/min and 0.92
+-0.19, respectively, for the left kidney. Mean CiN
and Ux.V in each of the two kidneys were similar
(18 +0.9 ml/min and 3 MEq/min, respectively, for the
right, 17 ±1.3 ml/min and 5 AEq/min, respectively, for
the left). When isoproterenol was infused in the left
renal artery, mean V and CHEo remained unchanged in
the right kidney (1.19 ±0.13 and 0.67 +0.12 ml/min,
respectively; P > 0.7 and > 0.4, respectively) but in-
creased significantly in the left kidney (2.08 +0.17 and
1.36 +0.15 ml/min, respectively; P < 0.01 for both. Mean
mean CIN in each of the two kidneys were similar (16
-+-1 ml/min, right; 17 ±1.3 ml/min, left) and not sig-
nificantly different from the corresponding control value
(P > 0.1, right; P > 0.4, left). Mean UNaV was also
essentially similar in the two kidneys and unchanged
from control values. When isoproterenol was discon-
tinued, mean V and CH2o continued essentially un-
changed in the right kidney (1.1 ±0.26 and 0.6 +0.23
ml/min, respectively) and decreased toward control
values in the left kidney (1.73 +0.18 and 1.01 +0.26
ml/min, respectively). Mean CiX and U-aV remained
essentially unchanged.
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FIGuRE 3 The effect of infusion of isoproterenol in the
left renal artery (LRA) of hypophysectomized (hypox)
dogs on mean urine volume in the right and left kidneys and
on the ratio of volume in the left kidney to that in the
right. The increase in the ratio is significant (P < 0.01).

4, T ..In Fig. 2, V and CH20 in ml/min per 100 ml GFR
f for the right and left kidneys of dogs in which only

KI r'xi H normal saline was infused in the left renal artery are
H LI H compared to the values for the right and left kidneys of
'/ H dogs in which phenoxybenzamine in saline was infused
L] L L-- in the left renal artery. Whereas V and Cn20o were

P >0.5 P<005 similar in the right and left kidneys when only saline
was infused, these two variables were significantly

Tl+ T (P < .05) higher in the left kidney when phenoxy-
[. l/,,. T T benzamine was present in the left renal artery infusate.

11- [1]
-: In Figs. 3 and 4, the changes in V and in CH20 in ml/

min per 100 ml GFR are presented for the left and right
kidneys and these changes are also expressed as ratios

P >0 4 P<005 of the left to the right kidney.
For V, the ratio of left to right was 1.22 during con-

E3J Ea =trol, increased to 1.65 during infusion of isoproterenol,
N=7 h=7 and decreased to 1.35 when isoproterenol was discon-

Mean ± SE M tinued. For CH:0, the ratio of left to right was 1.36

an infusion of normal saline alone during control, increased to 1.90 during isoproterenol,
hich contained phenoxybenzamine in and decreased to 1.44 when isoproterenol was discon-
LRA) on mean urine volume and tinued.
r clearance) in the right and left
)mized (hypox) dogs. The effect of infusion of isoproterenol in the left renal
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FIGURE 4 The effect of infusion of isoproterenol in the
left renal artery (LRA) of hypophysectomized (hypox)
dogs on mean CH2o (free water clearance) in the right and
left kidney and on the ratio of CH20 in the left kidney to
that in the right. The increase in the ratio is significant
(P < 0.05).

artery on the hemodynamic function of the left kidney
is shown in Table II. CPAH, noncortical plasma flow, and
total renal plasma flow were 49 ±10.7, 43 -9, and
92 ±19 ml/min, respectively, during control and did not
change significantly with isoproterenol. Mean arterial
pressure was 106 ±6 mm Hg during control and did not
change significantly (P > 0.05) with isoproterenol.

DISCUSSION
Infusion of 2.5% dextrose produced an increase in urine
flow and free water clearance in each of the two kidneys

of hypophysectomized dogs treated with cortisone. When
urine flow was stable, the rates of urine flow and of
free water clearance were significantly (P < 0.05)
greater in the phenoxybenzamine-treated left kidney than
in the untreated right kidney (Table I, Figs. 1-4). No
difference between the right and left kidneys is observed
when the left renal artery infusate does not contain
phenoxybenzamine (Fig. 2). The clearance of inulin
(18 ±0.9 ml/min, right; 17 ±1.3 ml/min, left) and the
excretion of sodium were similar in the two kidneys;
this suggests that renal alpha adrenergic blockade in the
anesthetized dog decreased the proximal tubular reab-
sorption of sodium and water and increased the delivery
of proximal tubular fluid distally to the diluting site
where the sodium was reabsorbed. In the anesthetized
dog, a surgically denervated kidney excretes urine at
rates of flow significantly greater than those in the
intact contralateral kidney, so-called denervation di-
uresis (9). The present results suggest that total surgi-
cal denervation increases urine flow by interruption of
increased renal alpha adrenergic stimuli associated with
anesthesia. A corollary to these results is the observation
that an increase in adrenergic stimuli to a kidney can
increase the tubular reabsorption of sodium and water
(10).
When isoproterenol was added to the left renal

artery infusate, urine flow and CH20 increased signifi-
cantly (P < 0.01) without a change in the clearance of
inulin (P> 0.4) or in sodium excretion in that kidney;
urine flow, CH2o, CIN and UNaV were unchanged in the
right kidney (Fig. 1, Table I). When isoproterenol was
stopped, left renal urine flow and CH2o returned toward
control values during the continued infusion of phenoxy-
benzamine into the left renal artery.
The increase in urine flow and in CH2o without a

change in GFR provides indirect evidence that isopro-
terenol decreased the proximal tubular reabsorption of
sodium and water and increased the volume of proximal
fluid delivered distally to the diluting site. Reabsorption
of the increased load of sodium at a diluting site (pre-
sumably the ascending limb of the loop of Henle) and

TABLE I I
Effect of Infusion of Isoproterenol in the Left Renal Artery on the Hemodynamic Function of the Left Kidney

CPAH EPAH NCPF RPF FF MAP

milmin ml/min ml/min mm Hge
Mean Control ±SEM 49 ±10.7 0.54 ±0.05 43 49 92 419 0.41 ±0.06 106 ±6
Mean change with

isoproterenol ±SEM -3.6 ±5.3 -0.01 ±0.053 -0.6 ±12.1 -4.4 ±15.4 0.01 ±0.06 11.3 ±5.6
P >0.5 >0.7 >0.05

CPAH = clearance of p-aminohippurate; EPAH = renal extraction of p-aminohippurate; RPF = total renal plasma flow;
NCPF = noncortical plasma flow; FF = filtration fraction; MAP = mean arterial pressure.
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in the distal tubule increased the excretion of Cis2o and
prevented an increase in sodium excretion. This ex-
planation for a decrease in proximal tubular sodium
reabsorption without an increase in sodium excretion
requires that the increase in V be similar in magnitude
to the increase in CH,0. The magnitude of the change in
the ratio of the left kidney to the right for V (Fig. 3)
as compared with the magnitude of the change in the
ratio of the left kidney to the right for CHO (Fig. 4)
indicates that this is indeed the case.
There are at least the following three possible mecha-

nisms by which one could explain a decreased tubular
reabsorption of sodium and water: (a) renal vasodila-
tation with a decrease in peritubular capillary colloid
osmotic pressure (decreased filtration fraction) (11) or
with an increase in peritubular hydrostatic pressure (in-
creased transmission of mean arterial pressure to the
peritubular capillary) (12) or both; (b) a redistribu-
tion of renal blood flow so that a greater proportion
perfuses cortical nephrons with shorter loops of Henle
and, presumably, with less capacity to reabsorb sodium
(13); and (c) direct effect of an agent on the tubule
with inhibition of reabsorptive processes. Infusion of
isoproterenol in the left renal artery did not increase
total renal plasma flow, decrease filtration fraction, or
increase mean arterial pressure (Table II); therefore,
presumably, it did not alter either peritubular capillary
colloid osmotic pressure or hydrostatic pressure. Iso-
proterenol also did not alter CPAH which has been
equated to cortical plasma flow (8) nor did it alter non-
cortical plasma flow (Table II); and therefore, pre-
sumably, it did not cause a redistribution of renal blood
flow. Thus, isoproterenol probably decreased the tubular
reabsorption of sodium through a direct effect on the
proximal tubule by means of a series of intermediary
events as yet unknown.
The presence of cyclic 3',5'-adenosine monophosphate

in renal cortical cells (14), the ability of this nucleo-
tide to inhibit the renal tubular reabsorption of another
ion, phosphate, (15), and the potent activation of its
synthesis by beta adrenergic stimulation in other tissues
(16) all suggest that the adenyl cyclase system could
serve as a mediator of the tubular effects of iso-
proterenol.

Depression of tubular sodium reabsorption by expan-
sion of extracellular fluid volume is usually associated
with one or more changes in renal hemodynamics (renal
vasodilatation, decreased filtration fraction, or increased
perfusion pressure) (17) which are thought to decrease
colloid osmotic pressure, increase hydrostatic pressure,
or both in the peritubular capillary. Whereas such
changes in Starling forces in the peritubular capillary
are capable of indirectly depressing proximal tubular

sodium reabsorption (11, 12), this does not exclude the
possibility that another mechanism(s) for inhibition of
tubular sodium reabsorption is also operative (11).
Indeed, expansion of blood volume has been observed
to decrease proximal tubular reabsorption of sodium
despite an increase in renal vascular resistance and an
increase in oncotic pressure in the peritubular capil-
laries (18). If expansion of extracellular fluid volume
leads to renal beta adrenergic stimulation in addition
to alteration of Starling forces in the peritubular capil-
lary, it could thus inhibit proximal tubular sodium
reabsorption directly as well as indirectly.

ACKNOWLEDGMENTS

We are grateful for the invaluable technical assistance of
John Tate, James Cox, Ernest Powell, and George Smith II.

REFERENCES
1. Ahlquist, R. P. 1948. A study of the adrenotropic re-

ceptors. Amer. J. Physiol. 153: 586.
2. McNay, J. L., and L. I. Goldberg. 1966. Comparison of

the effects of dopamine, isoproterenol, norepinephrine
and bradykinin on canine renal and femoral blood flow.
J. Pharmacol. Exp. Ther. 151: 23.

3. Mark, A. L., J. W. Eckstein, F. M. Abboud, and M. G.
Wendling. 1969. Renal vascular responses to isopro-
terenol. Amer. J. Physiol. 217: 764.

4. Pearson, J. E., and R. L. Williams. 1968. Analysis of
direct renal actions of alpha and beta adrenergic stimula-
tion upon sodium excretion compared to acetylcholine.
Brit. J. Pharmacol. Chemother. 33: 223.

5. Eknoyan, G., W. N. Suki, F. C. Rector, Jr., and D. W.
Seldin. 1967. Functional characteristics of the diluting
segment of the dog nephron and the effect of extracel-
lular volume expansion on its reabsorptive capacity. J.
Clin. Invest. 46: 1178.

6. Handler, J. S., R. Bensinger, and J. Orloff. 1968. Effect
of adrenergic agents on toad bladder response to ADH,
3',5'-AMP, and theophylline. Amer. J. Physiol. 215:
1024.

7. Gill, J. R., Jr., A. A. Carr, L. E. Fleischmann, A. G. T.
Casper, and F. C. Bartter. 1967. Effects of pentolinium
on sodium excretion in dogs with constriction of the
vena cava. Amer. J. Physiol. 212: 191.

8. Pilkinton, L. A., R. Binder, J. C. M. deHaas, and R. F.
Pitts. 1965. Intrarenal distribution of blood flow. Amer.
J. Physiol. 208: 1107.

9. Berne, R. M. 1952. Hemodynamics and sodium excretion
of denervated kidney in anesthetized and unanesthetized
dog. Amer. J. Physiol. 171: 148.

10. Gill, J. R., Jr., and A. G. T. Casper. 1969. Role of the
sympathetic nervous system in the renal response to
hemorrhage. J. Clin. Invest. 48: 915.

11. Brenner, B. M., K. H. Falchuk, R. I. Keimowitz, and
R. W. Berliner. 1969. The relationship between peri-
tubular capillary protein concentration and fluid reab-
sorption by the renal proximal tubule. J. Clin. Invest.
48: 1519.

12. Martino, J. A., and L. E. Earley. 1968. Relationship
between intrarenal hydrostatic pressure and hemody-

Depression of Proximal Tubular Sodium Reabsorption by Isoproterenol 117



namically induced changes in sodium excretion. Circ.
Res. 23: 371.

13. Pomeranz, B. H., A. G. Birtch, and A. C. Barger. 1968.
Neural control of intrarenal blood flow. Amer. J. Physiol.
215: 1067.

14. Chase, L. R., and G. D. Aurbach. 1968. Renal adenyl
cyclase: anatomically separate sites for parathyroid hor-
mone and vasopressin. Science (Washington). 159: 545.

15. Russell, R. G. G., P. A. Casey, and H. Fleisch. 1968.
Stimulation of phosphate excretion by the renal ar-
terial infusion of 3',5'-AMP (Cyclic AMP)-a possible
mechanism of action of parathyroid hormone. In Pro-

ceedings of the Sixth European Symposium on Calci-
fied Tissues. J. F. Dymling and G. C. H. Bauer, editors.
Springer-Verlag, Berlin. 54.

16. Robison, G. A., R. W. Butcher, and E. W. Sutherland.
1968. Cyclic AMP. Ann. Rev. Biochem. 37: 149.

17. Martino, J. A., and L. E. Earley. 1967. Demonstration
of a role of physical factors as determinants of the natri-
uretic response to volume expansion. J. Clin. Invest. 46:
1963.

18. Knox, F. G., S. S. Howards, F. S. Wright, B. B.
Davis, and R. W. Berliner. 1968. Effect of dilution
and expansion of blood volume on proximal sodium
reabsorption. Amer. J. Physiol. 215: 1041.

118 J. R. Gill, Jr., and A. G. T. Casper


