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A B S T RA C T Although dietary potassium deficiency
(KD) results in an increase in plasma renin activity
(PRA), the mechanism of this effect has not been
elucidated. In the present study, isolated kidneys
from normal rats or from rats made KD by diet were
perfused at constant pressure (120 mmHg) with a Krebs-
Ringer-bicarbonate medium containing albumin. KD
led to an increase in PRA (3.6 vs. 1.1 ng angiotensin I
ml per h, P < 0.01), which was associated with a de-
crease in macula densa (MD) fluid delivery as estimated
by urine flow (70 vs. 166 Iul/min per g, P < 0.005), and
an increase in renal vascular resistance (RVR) as perfu-
sion flow rate was decreased from 34 to 24 ml/min
per g, P < 0.005. The increase in PRAwas independent
of the MDbecause PRAcould not be suppressed when
macula densa delivery was increased by perfusing
KD kidneys with hypooncotic albumin. Moreover,
when kidneys were made nonfiltering by perfusing
with hyperoncotic albumin, PRA remained increased
in KDkidneys (8.1 vs. 3.5 ng angiotensin I ml per h, P
< 0.01) despite the absence of MDdelivery. Because
the increase in PRA in both filtering and nonfilter-
ing KDkidneys was associated with an increase in RVR,
filtering and nonfiltering kidneys were perfused with
the vasodilator papaverine. Despite lower tissue K
levels in KD kidneys (278 vs. 357 ,ueq/g, P < 0.01),
RVRand PRA were normalized in both filtering and
nonfiltering KD kidneys perfused with papaverine. In
conclusion, PRA is increased in the KD isolated per-
fused kidney. This increase occurs independently of
both the MDand of tissue K levels and is mediated
by the renal vascular receptor.
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INTRODUCTION

Chronic K deficiency results in an increase in plasma
renin activity (1, 2). Although the mechanism of the
increase in renin activity has not been elucidated, it
is known to occur independently of the changes in
sodium balance that may accompany K depletion
(1, 2). There are, however, four alternative mechanisms
whereby potassium depletion could influence the
control of renin release (3). These include: (a) a change
in renal vascular tone (baroreceptor), (b) a change in
sodium delivery to the macula densa, (c) an increase
in renal sympathetic nerve activity, (d) a direct effect
by hypokalemia on the juxtaglomerular renin produc-
ing cells.

Whereas acute increases in serum K in K-replete
animals have been postulated to lower renin levels
by a macula densa mechanism (4, 5), few studies have
been performed on the chronically potassium-de-
pleted animal. In this regard, K deficiency could
alter renin activity by any one of several mechanisms.
The renal vascular receptor mechanism is tenable be-
cause K deficiency has been shown to decrease renal
blood flow (6,7). A macula densa-mediated mechanism
is also possible because K deficiency has been shown
to cause a decrease in fluid delivery out of the proximal
tubule (8). Finally, although studies utilizing the kidney
slice technique have failed to demonstrate an increase
in renin production when slices are incubated with
hypokalemic solutions (9, 10), the possibility that
cellular K depletion per se rather than hypokalemia
may be a direct stimulus for increased renin production
has not been previously considered.

One of the difficulties encountered in studying the
mechanism of renin release in the intact animal has
been that many experimental maneuvers affect more
than one variable that could alter renin production.
The recent development of two techniques has pro-
vided the opportunity to control many of the variables
known to influence renin production by the kidney.
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The nonfiltering kidney developed by Blaine et al.
(11, 12) provided a novel approach to this problem.
With this model, the renal vascular receptor is isolated
from the macula densa because distal nephron fluid
delivery is abolished and from the effects of circulating
epinephrine by prior adrenalectomy and from renal
nerves by prior renal denervation. The isolated per-
fused kidney has provided a second technique by
which many of the factors known to affect renin
release can be controlled. By perfusing the kidney
outside the animal, renin release can be studied in the
absence of renal nerves and in the absence of other
circulating factors (such as catecholamines) that are
known to directly increase renin levels (10, 13). In
addition, fluid delivery to the macula densa can be
maneuvered by altering the colloid concentration of the
perfusion medium. By perfusing with hyperoncotic
albumin solutions, the kidney can be made non-
filtering, and the renal vascular receptor can be iso-
lated from the macula densa in the absence of ureteral
obstruction as occurs in the in situ nonfiltering kidney
of Blaine et al. (11, 12).

The purpose of the present study was to determine
whether renin secretion was increased in the perfused
kidneys of K-deficient rats and to determine the
mechanism of the increased renin secretion. The
results indicate that the mechanism of hyperreninemia
in the perfused kidney of K-deficient rats was mediated
by the renal vascular receptor.

METHODS

Studies were performed in male Sprague-Dawley rats
weighing between 200 and 220 g at the initiation of the study.
Animals were fed either a K-deficient diet (ICN Nutritional
Biochemicals, Cleveland, Ohio) supplemented with magnesium
(K-deplete group) or a diet of normal K content (K-replete
group). The diet of normal K content was prepared by sup-
plementing the deficient diet with a combination of neutral
K salts. The final compositions of the diets in millimoles per
kilogram were as follows: (a) K deplete: Na 150, K 4, Cl 620,
calcium 118, magnesium 165, phosphorus 59; (b) K replete:
Na 160, K 210, Cl 740, calcium 105, magnesium 169, phos-
phorus 178. Water and food intake were allowed ad lib. After
14-18 d the animals were then studied according to one of
the following experimental protocols.

Effect of dietary K restriction on plasma K
and on plasma renin activity in the intact rat

In order to assess the effect of a decrease in the dietary
intake of K on the circulating level of renin activity, plasma
K and plasma renin activity were measured in rats on a normal
K diet (n = 14) and in rats on a K-deficient diet (n = 14).
In these animals blood was obtained by either aortic punc-
ture after pentobarbital anesthesia or as free flowing blood
issuing from the trunk of guillotined animals. Blood was
collected in chilled tubes containing sodium EDTA, and
samples were centrifuged within 15 min at 0°C. Portions of
plasma obtained from anesthetized animals were analyzed
for K whereas the remaining plasma was stored at -20°C
and subsequently assayed for renin activity.

Isolated perfused kidney studies
Perfusion of the kidney was carried out according to the

description of Nishiitsutsuji-Uwo et al. (14) as modified by
Little and Cohen (15).

Perfusioni apparatus. The perfusion apparatus described
bv Little and Cohen (15) and modified by Merkens et al.
(16) were used in all perfusions. Several modifications of
the circuit were made. Perfusate was circulated by two Cole-
Parmer Masterflex pulsatile pumps (Cole-Parmer Instrument
Co., Chicago, Ill.), one on the arterial side of the circula-
tion, the other between the venous outflow and the mem-
brane oxygenator. A 1.2-,um pore size filter (RATF 04700;
Millipore Corp., Bedford, Mass.) and prefilter (AP 25 04200)
were placed in-line between the venous pump and membrane
oxygenator. Arterial perfusate flow rate was determined by a
tachometer (model 7598; Cole-Parmer Instrument Co.) attached
to the pump head (model 7104; Cole-Parmer Instrument
Co.). Arterial perfusion pressure was monitored with a pres-
sure transducer (model 4-329-I; Bell & Howell Co., CECDiv.,
Pasadena, Calif.) connected to a Gilson chart recorder (Gilson
Medical Electronics, Inc., Middleton, Wis.). Mean arterial
pressure distal to the tip of the cannula (19 gauge thin-
walled needle cut to 2 cm in length) was maintained at
120 mmHg by varying perfusate flow rate. A thermistor
probe (model YSI-4 16; Yellow Springs Instrument Co.,
Yellow Springs, Ohio) in the arterial reservoir-monitored
perfusate temperature (37-38°C). Perfusate pH was con-
tinuously monitored by a combination pH electrode (model
190300; Orion Research Inc., Cambridge, Mass.) inserted by a
second port in the arterial reservoir. A silicone rubber tubing
gas exchanger described by Hamilton et al. (17) was utilized
as the membrane oxygenator. With this gas exchanger, the
"arterial" oxygen tension of the perfusate was maintained
between 375 and 450 mmHg.

Perfusion medium. For each perfusion, 150 ml of a Krebs-
Ringer bicarbonate solution that contained albumin, urea,
and inulin was used. The albumin was fraction V bovine
albumin powder (Miles Laboratories, Inc., Elkhart, Ind.),
which was made up as a 5% solution in deionized water and
then concentrated to 15% over 24 h by ultrafiltration using
a hollow fiber cartridge (model HIP10; Amicon Corp.,
Scientific Sys. Div., Lexington, Mass.). Portions of the con-
centrated albumin solution were stored at -20°C and then
were passed through a 0.8-gm filter (model AATF 04700;
Millipore Corp.) before being diluted by Krebs-Ringer
bicarbonate solution for use. The final composition ex-
pressed in millimolar, unless otherwise noted, of the per-
fusion medium was sodium 140, potassium 2.5-5.0, calcium
1.2, magnesium 1, chloride 105, bicarbonate 25, sulfate 1,
phosphate 2, urea 7, albumin 60 mg/ml, glucose 5, and L(+)-
lactic acid 5 (lot L1750; Sigma Chemical Co., St. Louis, Mo.).
The perfusion medium was filtered through a 0.22-,um filter
(model GSTF 04700; Millipore Corp.) while introducing it
into the steam-sterilized perfusion circuit where it was
recirculated through the membrane gas exchanger and
warmed to 37°C.

The pH was adjusted to 7.35 with Na2CO3 and the solu-
tion gased with 5% CO2, 95% 02. After the start of the per-
fusion, (hydroxy ['4C]methyl)inulin (Amersham Corp., Arling-
ton Heights, Ill.) was added to the venous reservoir.

Perfusion procedure. For all perfusions, kidneys were
taken from animals on the experimental K-deficient diet or
from animals on the control K diet. Anesthesia was pento-
barbital 60 mg/kg. In order to cannulate the ureter, 100
mg of mannitol was injected into the left femoral vein.
The peritoneal cavity was opened, and the right ureter was
cannulated with a 3-cm length of PE 10 tubing. The right
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kidney was dissected free, the right adrenal gland excised,
and the right adrenal artery was ligated near its origin from the
renal artery. The right renal artery was cannulated in situ
through the superior mesenteric artery as described by
Nishiitsutsuji-Uwo et al. (14). Renal arterial perfusion was not
interrupted at any time. The renal vein was not cannulated.
The kidney was placed in the perfusion chamber over 60-90 s
and perfused with a pulsatile pump at a constant mean
arterial perfusion pressure (distal to the tip of the arterial
cannula) of 120 mmHg. After allowing 15 min for the kidney
to equilibrate, perfusion flow rate was recorded, and a 3-ml
perfusion sample was obtained. Three 15-min urine collections
and perfusion samples were then obtained. Perfusion flow
rates were determined at 5-min intervals during each urine
collection, and the mean value of these determinations was
used for subsequent comparisons. The total duration of each
experiment was 60 min. At the conclusion of each perfusion,
the volume of perfusate remaining in the circuit was deter-
mined. Urine volume was determined by weighing the tared
test tubes into which the urine dropped from the ureteral
catheter. Perfusion samples were placed in a test tube for
subsequent determination of sodium, potassium, and ["4C]-
inulin or in EDTAfor determination of renin activity. Urine
and perfusate samples were stored at -20°C within 60 min
of collection. During the 15-min equilibration period the left
kidney was removed, sectioned, and after excess moisture was
removed, the kidney was placed in a tared crucible, and its
weight was determined. The perfused kidney was treated
in a similar way at the conclusion of each experiment. The
water content of each kidney was assumed to be the loss of
weight after drying the kidneys to constant weight. In some
studies the K content of control and experimental kidneys
was determined.

The following experimental studies were undertaken.

Group I, the effect of chronic K depletion on
the isolated perfused kidney (IPK)'

Chronic K depletion. In order to determine the effect of
chronic K depletion on the function of the IPK, (7) kidneys
from control animals and (9) kidneys from K-deficient animals
were perfused. While control animals were perfused with 5
mMK, K-deficient animals were perfused with 2.5 mMK to
approximate plasma K levels in K-deficient animals.

Because animals on a K-deficient diet ate less food (212 vs.
273 g114 d) and gained less weight (48.9 vs. 68.9 g114 d) than
did animals on a K-replete diet, studies were performed in
six animals maintained on a K-replete diet, but whose daily
food intake was limited to that of pair-fed animals on a K-
deficient diet.

Acute changes in perfusate K concentration. In order to
determine if the increase in renin levels that were found in K-
deficient kidneys was the result of perfusing these kidneys
with a lower K concentration, kidneys from control animals
were perfused with either 5 mMK (n = 6) or 2.5 mMK (n = 5)
whereas kidneys from K-deplete animals were perfused with 5
mMK (n = 5) or 2.5 mMK (n = 5). Because perfusing normal
kidneys with hypokalemic solutions did not increase renin
levels, and because perfusing K-deplete kidneys with
normokalemic solutions did not decrease renin levels, all
subsequent studies were performed with K concentrations
that approximated those found in intact rats, i.e., 5 mMK for
control kidneys and 2.5 mMK for K-deplete kidneys.

Group II, the role of the macula densa in the
hyperreninemia of K depletion

Increased macula densa delivery. To determine if the
decrease (vide infra) in macula densa fluid delivery could

account for the increase in renin levels in K-deficient kidneys,
studies were performed in which fluid delivery was altered by
adjusting the albumin concentration of the perfusate. Because
changes in albumin concentration affect ionized calcium
levels and because calcium has been shown to alter renin
production in the IPK (18), the concentration of ionized
calcium was kept constant at 1.2 mM.Urine flow was increased
by perfusing both control kidneys (n = 8) and K-deficient
kidneys (n = 9) with a 20-mg/ml albumin solution.

Decreased macula densa delivery. To eliminate a role for
the macula densa, kidneys (six control, seven K-deficient)
were made nonfiltering by perfusing with hyperoncotic
albumin solutions (120 mg/ml). This methodology assures that
any changes in renin production occur independently of the
macula densa because there is no fluid delivery to the macula
densa. The absence of filtration was determined on the basis
of: (a) the total absence of urine flow; (b) the failure of
Lissamine green to appear in the renal tubules after injection
into the perfusion circuit just proximal to the arterial cannula
(11, 12); (c) as opposed to filtering kidneys, perfusate
IP4C]inulin levels remained unchanged over the 60 min of the
study (19).

Group III, the role of the renal vascular
receptor

Filtering kidneys. In order to determine if the decrease in
renin levels from K-deficient kidneys was caused by the
changes observed in renal hemodynamics, filtering kidneys
were perfused with the arteriolar vasodilator papaverine (final
concentration 0.39 mM, Eli Lilly Co., Indianapolis, Ind.). For
these studies papaverine was added to the perfusion medium
before its addition to the circuit. Three groups of animals were
studied: (a) control kidneys plus papaverine (n = 6); (b) K-
deficient kidneys (n = 6); (c) K-deficient kidneys plus
papaverine (n = 6).

Nonfiltering kidneys. To confirm that the results obtained
with papaverine in filtering kidneys were caused solely by
changes in renal hemodynamics, papaverine was added to
nonfiltering kidneys in which the renal vascular receptor was
isolated from the macula densa (11, 12). The three following
groups of animals were studied: (a) nonfiltering control
kidneys plus papaverine (n = 6); (b) nonfiltering K-deficient
kidneys (n = 6); (c) nonfiltering K-deficient kidneys plus
papaverine (n = 7).

Because papaverine has been shown to have a direct effect
on in vitro renin production that is independent of the renal
vascular receptor (20), a final group of perfusions were
performed to determine whether papaverine prevented a
nonvascular receptor stimulus for renin production in the per-
fused kidney. For these studies, control kidneys were made
nonfiltering, and a macula densa stimulus to renin production
was studied in the presence (n = 6) and absence of papaverine
(n = 6).

Analytical methods. Sodium and potassium were measured
with an IL 343 Flame Photometer (Instrumentation Lab-
oratory, Inc., Lexington, Mass.). Renal tissue K was deter-
mined by nitric acid digestion. After drying the kidney to
constant weight (130°C for 72 h), the samples were ground
to a fine powder and were digested by boiling in 1 ml of
nitric acid for 4 h. The resulting clear liquid was diluted to
25 ml with deionized water, and the K content was then
determined. [14C]inulin was counted in a Beckman LS 100
C liquid scintillation counter (Beckman Instruments Inc.,
Fullerton, Calif.). Ionized calcium was determined by an
Orion Ionized Calcium Analyzer, Spacestat 70 (Orion Re-
search Inc.). Albumin was determined by electrophoresis
(21). Plasma renin activity was determined by radioimmuno-
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assay (22). For perfusate renin analysis, renin-free plasma
from bilaterally nephrectomized dogs was collected by the
method of Fray (23) and used for renin substrate. 25 ,ul of
the perfusate was added to 100 ,ul of this plasma, and per-
fusate renin activity was determined by radioimmunoassay
as previously noted (22).

Calculations

The urinary clearance of [14C]inulin, sodium, and potas-
sium were calculated from their respective urine and plasma
concentration ratios. The clearance of ['4C]inulin was used as a
measure of glomerular filtration rate (GFR). Fractional
excretion of filtered Na and K was calculated as either Na or K
clearance/GFR x 100. Perfusion flow rate was determined by
calibrating the tachometer attached to the arterial pump head
immediately preceding each study. Urine flow rate was used to
approximate distal nephron fluid delivery because in the
absence of vasopressin, significant quantities of fluid are not
reabsorbed in the distal nephron (24). The results of per-
fusate flow, glomerular filtration, and urine flow have been
expressed per gram wet weight of the normal left kidney
because the final wet weight of the perfused kidney varied
with the albumin concentration of the perfusate. Because per-
fusion flow rate (PFR), GFR, and urinary sodium excretion
were relatively constant over the 45 min of the study, clearance
results are given as the mean of all collection periods.

In this preparation, renin is not degraded (23). Because the
perfusion medium recirculates, renin from the perfused kidney
represents cumulative production. Since the quantity of per-
fusate remaining after each experiment varied, renin values
were corrected for this variable and are expressed as nano-
grams of angiotensin I generated per milliliter of perfusate
per hour incubation in 100 ml perfusate. Renin levels are
those obtained after 1 h of perfusion.

Statistical analyses were performed using either the un-
paired Student's t test or one-way analysis of variance with
Scheffe's test for multiple comparisons (25). AP value of <0.05
was considered significant. Data are expressed as the
mean±SEM.

RESULTS

Effect of dietary K restriction on plasma K
and on plasma renin activity in the intact rat

After 2 wk of dietary K deficiency, plasma potassium
was reduced from 3.8±0.1 to 2.44±0.1 meq/liter, P
< 0.001, and plasma renin activity was increased from
12.8±1.5 to 26.3±3.6 ng AI/ml per h, P < 0.005 in
anesthetized animals. Although the absolute renin
levels were higher in anesthetized animals, renin
levels were also increased in guillotined animals
(1.9±0.4 to 5.2±0.6 ng AI/ml per h, P < 0.005), thereby
demonstrating the fact that the hyperreninemia of K
deficiency is not simply an artefact of pentobarbital
anesthesia.

1Abbreviations used in this paper: Al, angiotensin I; GFR,
glomerular filtration rate; IPK, isolated perfused kidney;
PFR, perfusion flow rate; UFR, urine flow rate.

Isolated perfused kidney studies
GROUPI. THE EFFECTOF CHRONICK DEPLETION
ONTHE IPK

A. Chronic K depletion. Table I demonstrates the
effect of a K-deficient diet on the function of the IPK.
Potassium depletion markedly affects renal function.
Renin levels were increased from 1.13+0.22 to 3.58±0.62
ng AI/ml per h, P < 0.01. This increase in renin levels
was associated with differences in perfusate and renal
tissue K levels. In addition, in K-deficient kidneys,
there was a decrease in distal nephron fluid delivery
as reflected by urine flow rate (UFR) (166+22 in con-
trol vs. 70±14 ,ul/min per g in K-deficient kidneys,
P < 0.005). Moreover, there was also a decrease in
perfusion flow rate (34.0±2.1 to 24.3±1.8 ml/min per g,
P < 0.005) reflecting an increase in renal vascular
resistance in K-deficient kidneys. Furthermore, al-
though rats maintained on the K-deficient diet ate less
than rats maintained on the control diet, the hyper-
reninemia of K depletion was not the consequence of
a decrease in food intake in K-deplete animals be-
cause renal function was unaltered in animals main-
tained on a K-replete diet whose food intake was
limited to that of pair animals on the K-deficient diet:
renin 1.02±0.06 ng AI/ml per h; UFR 143±13 ,ul/min
per g; PFR31.8±1.3 ml/min per g; GFR567±40 ,ul/min
per g. Because the IPK is denervated, these results
demonstrate the fact that the hyperreninemia of K
deficiency can occur independent of changes in either
systemic hemodynamics or in renal sympathetic nerve
activity. On the other hand, because a decrease in
plasma or tissue K as well as a decrease in macula
densa delivery and alterations in the renal vascular
receptor have all been demonstrated to affect renin
release, further studies were performed to elucidate
the mechanism of hyperreninemia after K deficiency.

B. Acute changes in perfusate K concentration. In
order to confirm that K depletion rather than acute
hypokalemia was the cause of increased renin levels
from K-deficient animals, control kidneys were per-
fused with hypokalemic solution while K-deplete
kidneys were perfused with normokalemic solution.
The results of these perfusions are shown in Table II.
Despite perfusate K levels which were comparable
with those of chronically K-deficient kidneys, normal
kidneys perfused with hypokalemic solutions did not
have elevated renin levels. In addition, acute hypo-
kalemia did not result in any changes in either UFR,
GFR, or in PFR. Moreover, perfusing K-deplete kid-
neys with 5 mMK resulted in comparable changes
in renin, hemodynamics, and tissue K, as did per-
fusing K-deplete kidneys with 2.5 mMK. Thus the
hyperreninemia of K deficiency is the consequence of
K depletion rather than of low perfusate K con-
centration per se.
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TABLE I
The Effect of Chronic K Depletion on the Function of the Perfused Kidney

Control kidney
UFR GFR PFR UNaV %TNa %TR PK Tissue K PRA

li/min/g mil/min/g peq/min/g mEqiliter weqlg dry wt ng Al/ml
Normal K diet,

n = 7 166+22 532+60 34.0+2.1 13.8+1.9 84+0.6 30+5.0 4.23±0.2 335.1±4.2 1.13±0.22
K-deficient

diet, n = 9 70+14 304±41 24.3+1.8 8.1±1.1 87+1 74±2.2 2.58+0.06 287.0±7.8 3.58+0.62
P values 0.005 0.01 0.005 0.02 NS - 0.001 0.001 0.001 0.01

UNaV, urinary sodium excretion; %TN., percentage of filtered Na reabsorbed; %TK, percentage of filtered K reabsorbed; PK,
perfusate potassium; PRA, perfusate renin activity.

GROUPII, THE ROLEOF THE MACULADENSA
A. Increased macula densa delivery. In order to

determine if the decrease in distal nephron fluid de-
livery contributed to the increase in renin levels of
K-deficient kidneys, distal delivery was enhanced by
decreasing the albumin concentration of the perfusate.
Table III depicts the results of these studies. Per-
fusing with hypooncotic albumin led to an increase in
urine flow and in urinary sodium excretion in both
control and K-deficient kidneys. Despite this increase
in urine flow, renin levels were still increased in K-
deficient kidneys (3.10±0.4 vs. 0.63+0.1 ng AI/ml
per h, P < 0.001). Although not statistically significant,
UFR and urinary sodium excretion were less in the
K-deficient kidneys. When compared, therefore, with
control kidneys with less distal delivery (Table I,
normal K diet) renin levels were still significantly

increased in K-deficient kidneys (3.10+0.4 vs. 1.13 ±0.22
ng AI/ml per h, P < 0.05).

B. Decreased macula densa delivery. In order to
define further the role of the macula densa, fluid de-
livery to the macula densa was eliminated by per-
fusing with hyperoncotic albumin solutions. The re-
sults of these studies are shown in Table IV. In the
absence of macula densa delivery, renin levels con-
tinued to be greater in K-deficient kidneys. Moreover,
K-deficient kidneys continued to be vasoconstricted
as compared with control kidneys as PFRwas reduced
in these kidneys from 40±2.6 to 31±1.4 ml/min per g,
P < 0.01. Because the renin levels of K-deficient kid-
neys was greater than control kidneys even in the ab-
sence of macula densa fluid delivery, the mechanism
of hyperreninemia occurred independently of changes
in macula densa fluid delivery.

TABLE II
The Effect of Perfusing Control Kidneys with Hypokalemic Solutions and

K-deplete Kidneys with Normokalemic Solutions

Perfused kidney
UFR GFR PFR Tissue K %TNa %TKP1 PRA

pI/min/g mi/min/g weqlg dry wt meq/iter ng Al/mil/h
Normal K diet

(5 mMK),
n = 6 163±25 607+83 31.7+1.3 323+10 86+1.7 35±4 3.97±0.2 1.03±0.4

Normal K diet
(2.5 mMK),
n = 5 226±19 641±37 33.1±1.3 317±12 85±5.7 45±5 2.18±0.06 1.05±0.1

P value NS NS NS NS NS NS 0.001 NS
K Deplete

(5 mMK)
n = 5 106±13 278±22 22.6±2 290±17 88±2.3 50±4.5 4.88±0.1 3.85±0.3

K Deplete
(2.5 mMK),
n = 5 97±19 281±27 21.4±2 275±20 85±1.1 81±3.8 2.67±0.1 3.98±0.7

P value NS NS NS NS NS <0.001 NS NS

%TNa, percentage of filtered Na reabsorbed; %TK, percentage of filtered K reabsorbed; PK, perfusate potassium;
PRA, perfusate renin activity.
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TABLE III
The Effect of Increasing Distal Nephron Fluid Delivery

UFR GFR PFR %TN. UN.V PRA

1s1/min/g ml/minig peqiminig ng Al/mil/h

Normal K diet (n = 8) 336+45 744+65 27.7±+1.8 77.5+2.4 25.5+4.9 0.63+±0.1
K-deficient diet (n = 9) 254±34 447±37 19.9±1.3 75.4±1.7 17.1±0.16 3.10±0.4
P value NS 0.005 0.005 NS NS 0.001

UFR, urine flow rate, GFR, glomerular filtration rate; PFR, perfusion flow rate; UNav, urinary
sodium excretion; %TNa, percentage of filtered Na reabsorbed; PRA, perfusate renin activity.

GROUPIII, THE ROLEOF THE RENAL
VASCULARRECEPTOR

A. Filtering kidneys. Because an increase in renal
vascular resistance may have mediated the increase
in renin production in K-deficient kidneys, filtering
kidneys were perfused with papaverine, a dilator of
vascular smooth muscle. The results of these per-
fusions are depicted in Table V. The inclusion of
papaverine in the perfusion medium had no effect on
hemodynamics, tubular function, or renin levels of the
control kidneys. On the other hand, papaverine caused
marked changes in the K-deficient kidneys. Both per-
fusion flow rate and urine flow rate were increased,
and these changes were associated with the normali-
zation of renin levels. Although these results and
those of group II studies would suggest a primary role
for the renal vascular receptor, the possibility could
not be excluded that the combination of vasodilatation
plus increased macula densa fluid delivery resulted in
the normalization of renin levels in K-deficient kid-
neys; further studies, therefore, were undertaken.

B. Nonfiltering kidneys. For this final group of
studies the renal vascular receptor was isolated from
the macula densa by rendering the kidneys non-
filtering. Moreover, the isolated renal vascular receptor
was rendered nonfunctional by papaverine. The results
of these studies are shown in Fig. 1. In the non-
filtering control kidney, papaverine had no effect on

TABLE IV
The Effect of K Depletion on the Nonfiltering

Isolated Perfused Kidney

PFR PRA

mil/min/g ng Al/mil/h

Normal K diet,
n = 6 40+2.6 3.52±0.5

K-deficient diet,
n = 7 31+1.4 8.14±+1.1

P value 0.01 0.01

PRA, perfusate renin activity.

either PFR or renin. On the other hand, papaverine
caused a decrease in vascular tone in K-deficient
kidneys as PFR increased from 30.5±1.3 ml/min per
g in the absence of the vasodilator to 39.9±2.8 ml/
min per g, P < 0.01 in the presence of papaverine.
Moreover, the decrease in renal vascular tone in K-
deficient kidneys was accompanied by a decrease in
renin levels in the K-deficient kidneys to values ob-
served in control kidneys. Table VI demonstrates that
papaverine had no direct effect on renin production
in the IPK because macula densa-mediated renin
production was not altered by the drug. Thus in the
K-deficient kidney, when the renal vascular receptor
is isolated and neutralized with papaverine, renin
production is identical to control kidneys.

DISCUSSION

In the present study we have systematically investi-
gated the mechanism of hyperreninemia in K-depleted
rats. Perfused kidneys from K-deficient animals had
many of the same renal functional changes as have
been described in the intact kidney of K-deficient rats.
In this regard, perfused kidneys from K-deficient rats
had a decrease in GFR (6, 26) as well as a decrease
in perfusate flow rate and an increase in renal vascular
resistance (6, 7) when compared with K-replete kid-
neys. In addition to these alterations in renal func-
tional parameters, renin levels were also increased in
K-deficient kidneys. Because perfused kidneys of K-
deficient animals had increased renin levels and many
of the same functional abnormalities as intact kidneys
from K-deficient animals, the isolated kidney provided
an ideal technique to evaluate the mechanism of
hyperreninemia of K depletion.

In the absence of renal nerves, there were three
mechanisms that may have mediated the hyper-
reninemia of K depletion. In this regard, the renal
vascular receptor could have been activated because
K depletion led to an increase in renal vascular re-
sistance. The macula densa could have mediated the
increase in renin production because macula densa
delivery was decreased in K-deficient kidneys. Finally,
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TABLE V
The Effect of Perfusing K-deficient Kidneys with Papaverine

Perfused
UFR GFR PFR UNav %TN%%TK kidney tissue PRA

Ul/minig mil/minig Aeqlmin/g p.eqlg dry wt ng Al/mil/h
Normal K diet

plus papaverine,
n = 6 195±29 595±52 30.2+2.2 13.7±2.8 83.0±2.5 49.0±2.7 346.5±12.7 0.59±0.12

K-deficient diet,
n = 6 52+9.9 270±36 21.0±1.5 3.8+1 88.7±1.7 74.0±4.4 285.7+9.9 3.1+0.70

K-deficient diet
plus papaverine,
n = 6 146±+10 377+31 29.8+±0.5 13.8±+1.4 75.0+2.1 80.7+3.8 277.5±12.9 0.60+0.23

P value:
Control vs. JK 0.01 0.01 0.01 0.01 NS 0.01 0.01 0.01
K Vs. IK plus

papaverine 0.01 0.05 0.01 0.01 0.01 NS NS 0.01
Control vs. 1K

plus papaverine NS 0.01 NS NS 0.05 0.01 0.01 NS

UNav, urinary sodium excretion; %TNa, percentage of filtered Na reabsorbed; %TK, percentage of filtered K reabsorbed;
PK, perfusate potassium; PRA, perfusate renin activity.

a decrease in either perfusate or tissue K levels could
have directly altered renin production by the juxta-
glomerular apparatus. Studies were performed, there-
fore, that excluded both the macula densa and direct
mechanisms.

Although it is probable that renal renin content, a
major determinant of perfusate renin activity (27), was
increased in K-deplete kidneys, two groups of studies
exclude a direct effect of either hypokalemia or K
depletion per se as the stimulus for renin release. In the
first group of studies (Table II), renin levels were not
increased in normal kidneys perfused with hypo-
kalemic solutions and renin levels were not decreased
in K-deplete kidneys perfused with normokalemic
solutions. In the second group of studies (group III,
Table V and Fig. 1), renin levels were normalized in
K-deficient kidneys perfused with papaverine despite
the fact that renal tissue K levels were decreased
in these K-deficient kidneys. The fact that renin levels
could be normalized in kidneys that had a decrease in
tissue K implies the lack of a direct effect of K de-
pletion per se on either renal renin content or per-
fusate renin activity. In support of this observation in
the perfused kidney, studies using kidney slices have
also failed to demonstrate a direct effect of hypokalemia
on renin production (10).

Although the increased renin levels could have been
mediated by the macula densa because macula densa
fluid delivery was decreased in the perfused kidneys
of K-deficient rats (Table I), there are two groups of
studies that clearly demonstrate the fact that the
increase in renin levels occurred independently of the
macula densa. In the first group of studies, albumin

levels were decreased in the perfusate of K-deficient
kidneys. By decreasing albumin levels in the per-
fusate, proximal nephron fluid reabsorption can be
decreased (28), and distal nephron, hence macula
densa, fluid delivery can be increased (group IIA,
Table III). Despite a marked increase in macula densa

Renin
Activity

(ng A1/rrd/h)

FIGURE 1 The effect of perfusing nonfiltering potassium-
depleted kidneys with the arteriolar vasodilator papaverine.

Hyperreninemia in the Potassium-depleted Rat 353



TABLE VI
The Effect of Papaverine on Renin Production in the Nonfiltering

K Replete Isolated Kidney

Time

Cumulative
60-min

15-30 min 30-45 min 45-60 min production

Renin production, ng Al/ml/h
Control, no papaverine 1.05+0.15 0.82+0.27 1.63+0.14 3.33+0.38
Control, papaverine 1.13±0.28 1.02±0.15 1.36+0.17 3.60+0.53
P value NS NS NS NS

Renin production is expressed as the amount of AI generated at the end of each 15-min
period of perfusion minus the amount of Al generated at the beginning of the period.
All samples were incubated for 1 h and are normalized to 100 ml of perfisate.

fluid delivery in K-deficient kidneys, renin levels
remained elevated.

Although these results do not support a macula densa
mechanism, it should be noted that UFRis only a crude
index of macula densa fluid delivery. Moreover, even
in the presence of comparable macula densa delivery,
it is possible that sodium transport at that segment of
the nephron might differ in K-deficient and K-replete
kidneys. Because the signal sensed by the macula
densa has been postulated to be either an increase (29)
or a decrease (30) in Na transport, further studies were
performed in the nonfiltering perfused kidney in which
the fluid delivery to the macula densa was eliminated,
thereby assuring that any differences in renin produc-
tion occur independently of the macula densa. In both
the nonfiltering K-replete and K-deplete kidneys,
group IIB, Table IV), renin levels were greater than
in their filtering controls (Table I). In the absence of
other factors known to alter renin release (in particular,
changes in ionized calcium concentration [18]), it is
likely that the decrease in macula densa delivery re-
sulted in the increase in renin levels in both groups
of nonfiltering kidneys. Despite the absence of macula
densa delivery, renin levels were greater in the K-
deficient kidneys. These results confirm the fact that
neither sodium delivery nor sodium transport at the
macula densa were necessary for higher renin
levels to occur in K-deficient kidneys. Because renin
levels were greater in K-deficient kidneys at both
extremes of macula densa fluid delivery, the increase in
renin levels occurs independently of the macula densa.

In contrast to the absence of evidence supporting
either a direct or a macula densa mechanism of renin
release, there is substantial evidence to support a vas-
cular mechanism. Thus, when either filtering or non-
filtering K-deplete kidneys were treated with papa-
verine, an arteriolar vasodilator, renal vascular re-
sistance was decreased, and renin levels were identical
to control kidneys (group III, Table V and Fig. 1). More-

over, although in vitro studies have demonstrated a
direct inhibitory effect of papaverine on renin produc-
tion from renal slices (20), papaverine did not prevent
the increase in renin production that was produced by
a nonvascular stimulus to the perfused kidney (Table
VI). Taken together, therefore, the data from the
present study supports the conclusion that the in-
creased renin production from the perfused kidney
of the K-deplete rat is mediated by the renal vascular
receptor.

Because perfusion pressure was held constant in
these studies, the signal perceived by the renal vas-
cular receptor was an increase in renal vascular
resistance rather than a decrease in intraluminal
pressure. Vasoconstriction in the absence of changes
in intraluminal pressure is a well-known stimulus for
renin release (3, 31). The cause of vasoconstriction
in the perfused K-deficient kidney is not readily
apparent. Although vasoconstrictors such as renal
nerves, angiotensin II (32), and catecholamines (33),
are not present in the isolated kidney, thromboxane
A2, a vasoconstrictor product of prostaglandin metabo-
lism, has recently been reported to be increased in K-
deficient rats (34). Because the present study was not
designed to investigate the mechanism of renal vaso-
constriction during K depletion, further studies will
be necessary to determine the roles of thromboxane
and K depletion per se as mediators of the increased
renal vascular resistance of K depletion.

In summary, the present study has conclusively
shown that renin production is increased in perfused
kidneys of K-deficient rats. The increase in renin is
associated with an increase in renal vascular re-
sistance and a decrease in both macula densa fluid
delivery and in tissue K levels. Perfusing K-deficient
kidneys with hypooncotic albumin increased urine
flow rate to levels observed in control kidneys but
did not decrease renin production. Nonfiltering K-
deficient kidneys produced more renin than non-
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filtering control kidneys. This increase in renin was
associated with vasoconstriction, and both the hyper-
reninemia and vasoconstriction in K-deficient non-
filtering kidneys could be normalized with papaverine.
In conclusion, the hyperreninemia of K depletion is
mediated by the renal vascular receptor.
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