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Abstract. Studies of renal and other tissues suggest that chronic elevation or reduction of
dietary potassium intake could affect vascular smooth muscle sodium pump (Na-pump) activ-
ity. To examine this possibility, the effects of 3 weeks of low (LK; 4 mmole KCl/kg chow),
normal (NK; 162 mmole/kg), and high (HK; 1350 mmole/kg) dietary potassium intake on
Na-pump activity, the Na-pump activity response to changes in extracellular potassium con-
centration, and Na-pump site density were determined in tail arteries of rats. Plasma potassium
concentration was elevated by 21% in HK rats and reduced by 45% in LK rats. When incubated
in autologous plasma, compared to arteries from NK rats, Na-pump activity was decreased in
the tail arteries from LK rats but not altered in those from HK rats. When arteries from NK and
LK rats were incubated in autologous plasma with the potassium concentration increased to
equal that of the HK rats, Na-pump activity exceeded that of HK rat arteries; Na-pump activity
of arteries incubated in autologous plasma did not differ from that of arteries incubated in
Krebs-Henseleit buffer with the potassium concentration adjusted to equal that of the plasma.
Tail artery Na-pump activity for all three dietary potassium groups increased as potassium
concentration of the incubation medium was increased from 1 to 12 mAf; Na-pump activity
was similar for the NK and LK rats at all potassium concentrations, but Na-pump activity of
HK rat arteries was less than that of NK arteries at high extracellular potassium concentrations.
Na-pump site density was not altered by either HK or LK diet. It is concluded that in tail
arteries of rats fed the LK diet, chronically decreased extracellular potassium results in chroni-
cally decreased Na-pump activity. In contrast, an adaptive change occurs in tail arteries of rats
fed HK diet, such that Na-pump activity remains at normal levels despite elevated extracellular
potassium; this adaptive response to chronically increased dietary potassium does not appear to

be the result of decreased Na-pump site density.

© 1987 Society for Experimental Biology and Medicine.

Cardiovascular, renal, endocrine, and bio-
chemical responses to chronic alterations of
extracellular potassium concentration result-
ing from increased or decreased dietary po-
tassium intake have been documented in a
variety of experimental models (1-11).
Acute changes in extracellular potassium
concentration markedly alter vascular
smooth muscle membrane potential and
tension development (12), presumably as a
result of altered vascular smooth muscle so-
dium pump (Na-pump) activity (13, 14). In
addition, chronic hypokalemia and hyperka-
lemia have been shown to alter Na®, K*-
ATPase, or Na-pump activity in human
blood cells and many different animal tissues
(15-20). The effects of chronic high potas-
sium diet on renal function are well docu-
mented (6, 7, 19-22); the potassium adapta-
tion response of kidney is characterized by
increased excretion of an acute potassium
load, changes in basolateral membrane, and
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increase in Na®, K*-ATPase activity (5-7,
19, 22). Effects of altered potassium diet in
other tissues are less consistent; while
chronic potassium deficiency resulted in a
130% increase in Na*, K*-ATPase activity in
guinea pig heart muscle (4) and an increased
number of ouabain-binding sites in human
erythrocytes (16), opposite effects were re-
ported for rat skeletal muscle and mesenteric
arterioles, in which potassium depletion
markedly decreased both Na-pump site den-
sity and Na-pump activity (18, 23).
Na-pump activity of vascular smooth
muscle is an important variable in regulation
of vascular function; it is well known that
acute changes in vascular smooth muscle
Na-pump activity, resulting from increased
or decreased extracellular potassium concen-
tration, alter vascular resistance to blood
flow and contractile responses to vasoactive
agents (8-12, 24-27). Thus, if chronically al-
tered dietary potassium intake affects Na-
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pump activity in vascular smooth muscle as
in the kidney, this could alter vascular
smooth muscle function. To assess this possi-
bility, the present study was conducted to
determine the effect of chronic reduction
and elevation of extracellular potassium on
vascular smooth muscle Na-pump activity,
using tail arteries of rats chronically fed a
high or low potassium diet as an experimen-
tal model.

Materials and Methods. Effects of chroni-
cally altered dietary potassium intake were
assessed in Wistar rats (Harlan Industries)
housed in group cages in a temperature
(24°C)- and humidity (50%)-controlled
room, illuminated between 6:00 AM and 6:00
PM, with free access to tap water. Prior to
being fed experimental diets, rats were fed
standard rat chow (Purina 5001). During the
21-day experimental diet period, rats were
fed either a low potassium diet (ICN Nutri-
tional Biochemicals, Cleveland, OH) con-
taining 4 mmol KCl/kg chow (LK group) or
the same diet supplemented with either a
normal (162 mmol KCl/kg diet; NK group)
or a supranormal (1350 mmol KCl/kg diet;
HK group) amount potassium. Rats were
weighed weekly before and throughout the
experimental period.

Protocol 1. At the end of the diet period,
rats were anesthetized (chloral hydrate, 300
mg/kg, and xylazine, 10 mg/kg, ip) in sets of
three, comprising one rat each from LK,
NK, and HK groups. Tail arteries were re-
moved, washed, and cut in segments for de-
termination of Na-pump activity. Na-pump
activity in tail arteries from HK, NK, and
LK rats was determined during incubation in
three incubation media: (a) autologous
plasma; (b) autologous NK and LK rat
plasma after addition of sufficient KCI to
raise the potassium concentration to equal
that of the HK rat in the set; and (c¢) Krebs-
Henseleit buffer (millimolar concentrations:
NaHCO3;, 27.2; NaCl, 117.0; NaH,PO, -
H,O, 1.0; MgSO,-H,0, 1.2; CaCl,-2H,0,
2.5; dextrose, 11.0) with the potassium con-
centration adjusted to equal that of the HK
rat in the set.

Protocol 2. At the end of the diet period,
rats were anesthetized and tail arteries were
removed; Na-pump activity was measured
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during incubation in Krebs—Henseleit buffer
(composition as in Protocol 1) containing 1,
4, 12, or 24 mM KCI; osmolality of the incu-
bation solutions was maintained constant by
adjustment of NaCl concentration.

Protocol 3. At the end of the diet period,
rats were anesthetized and tail arteries were
removed for determination of Na-pump site
density by measurement of [*H]ouabain
binding. The equilibrium dissociation con-
stant, K;, and the number of binding sites,
B.., were calculated from the equilibrium-
binding data by Scatchard analysis.

Determination of Na-pump activity. Ru-
bidium-86 uptake was measured to estimate
vascular smooth muscle Na-pump activity,
using a method similar to that described pre-
viously (28, 29). Following the 3-week diet
period, rats were anesthetized, blood was
collected in heparinized syringes (Sarstedt
Co.) by aortic puncture, and the tail artery
was removed and placed in Krebs-Henseleit
buffer (composition as in Protocol 1 plus 5
mAM KCI). The time elapsed between the
blood collection and artery isolation never
exceeded 2 min. Blood was centrifuged im-
mediately in a refrigerated centrifuge (4°C
for 10 min), and plasma was separated and
kept in room temperature until the arteries
were ready for the assay (ca. 10 min). Arter-
ies were then cleaned in fresh Krebs solution
and cut into several pieces of approximately
1 cm. This procedure was completed within
5 min at room temperature. The pieces of
artery were then transferred into beakers
containing ice-cold (4°C) K*-free Krebs—
Henseleit buffer for a 20-min preincubation.
This procedure allows the tissue to accumu-
late sodium, thus maximizing subsequent
Na-pump activity. It was determined in pre-
liminary studies that a preincubation period
of 10 min is sufficient to maximize the spe-
cific 8Rb* uptake in tail arteries. The seg-
ments were then transferred into incubation
tubes containing 0.5 ml of plasma or Krebs—
Henseleit buffer, with or without 1 mM oua-
bain, warmed up for 2 min, and the reaction
was started by addition of 3¢RbCl (10-50
nM, 10° cpm/ml). Incubation tubes were
flushed with 95% O, + 5% CO, for 30 sec,
without bubbling the incubation medium,
and then stoppered and incubated while
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gently shaking for 17 min at 37°C. The ar-
tery segments were then removed and rinsed
four times in fresh Krebs-Henseleit buffer
(composition as in Protocol 1 plus 5 mM
KCl) at room temperature. This washing step
was completed in 30 sec. They were then
blotted dry, and placed in polyethylene tubes
for determination of radioactivity by gamma
counting (Beckman, Gamma 4000). Artery
segments were then dried to constant weight,
which averaged approximately 0.5 mg/seg-
ment.

Rubidium-86 uptake in the presence of 1
mM ouabain, considered to reflect distribu-
tion in extracellular spaces and passive pene-
tration into cells, termed nonspecific uptake,
constituted 15-25% of the total uptake and
was not altered by the dietary treatments.
Specific #Rb™* uptake, defined as the differ-
ence between ¥*Rb* uptake in the absence
and in the presence of ouabain, is considered
to reflect uptake by the Na-pump. Based on
the finding that uptake of Rb* reflects simul-
taneous uptake of an amount of potassium
that is proportionate to its concentration in
the incubation medium (30), we expressed
Na-pump activity as combined uptake of
8Rb* and potassium. Values are expressed
as nmole (¥Rb" + K*)/mg dry tissue/17 min
of incubation. Rubidium-86 uptake was
found to be linear up to 40 min under these
conditions.

Binding studies. Sodium-pump site den-
sity in rat tail arteries were estimated by
[*H]Jouabain binding to freshly isolated arter-
1es (31-33). After removal, tail arteries were
isolated, cleaned, cut into 1-cm sections, and
placed in Krebs-Henseleit bufter, 37°C, pH
7.4 (composition as in Protocol 1) containing
5.0 mM KCl, gassed with 95% O,-5% CO,.
Tail arteries from 10-15 rats per treatment
group were pooled in this solution and equil-
ibrated for 1 hr. After the equilibration pe-
riod, groups of three artery pieces each were
transferred into test tubes containing 0.5 ml
of K*-free Krebs solution and varying con-
centrations of [*H]ouabain. Nonspecific
binding in the presence of 0.1 mA/ unlabeled
ouabain was determined for each [*H]-
ouabain concentration tested. Artery sec-
tions were incubated for 90 min; in prelimi-
nary time course experiments, equilibrium
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binding was achieved by 40 min and main-
tained through 90 min. At the end of the
incubation period, the tissues were removed
and rinsed for 2 sec in K*- and tracer-free
Krebs solution at room temperature. Two
additional 5-min washes at 0°C followed for
the removal of extracellular label. Tissues
were then blotted and dried to constant
weight. Dry weights were recorded, and tis-
sues were dissolved in 0.2 ml NCS tissue sol-
ubilizer (Amersham) for at least 3 hr and
neutralized with glacial acetic acid. Radioac-
tivity in each tissue was determined in a
scintillation counter after addition of 8 ml
Biocount. Specific binding was determined
as the difference in binding in the absence
and presence of 0.1 mM unlabeled ouabain.
The nonspecific binding ranged from 20 to
30% of the total binding. K; and B, for
[*H]ouabain binding were obtained from the
equilibrium-binding data by Scatchard anal-
ysis. The K, value for the control group was
verified earlier in another group of rats by
kinetic studies.

Statistical analysis. Data are expressed as
mean = SE. Group mean values for different
dietary treatments were compared using
ANOVA followed by the Newman-Keuls
test; a P value of less than 0.05 was consid-
ered significant. Slopes of the Scatchard plots
were determined by linear regression anal-
ySis.

Results. Plasma potassium concentration
was reduced by 45% in LK rats and was ele-
vated by 21% in the HK group. The eftects of
increased and decreased dietary potassium
intake on basal tail artery Na-pump activity
are shown in Table I. When incubated in
autologous plasma, compared with arteries
from rats fed the NK diet, Na-pump activity
was not significantly altered in arteries from
rats fed the HK diet but was decreased by
30% in arteries from rats fed the LK diet.
When tail arteries were incubated in autolo-
gous plasma with the potassium concentra-
tion increased to equal that of the HK rat
plasma, Na-pump activity was significantly
greater in tail arteries from both NK and LK
rats than in arteries from the HK rats. There
was no difference, for any of the groups stud-
ied, between Na-pump activity of tail arteries
incubated in autologous plasma and arteries
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TABLE 1. SoDIUM-PUMP ACTIVITY (nmol/mg dry wt/17 min) OF TAIL ARTERIES OF RATS FED FOR 21 DAYS A
DIET CONTAINING NORMAL (NK), Low (LK) orR HIGH (HK) AMOUNTS OF POTASSIUM, INCUBATED IN THE
RAT’S OWN PLASMA, WITH OR WITHOUT ADJUSTMENT OF POTASSIUM CONCENTRATION TO EQUAL THAT
OF THE HK RAT PLASMA, OR IN KREBS SOLUTION WITH POTASSIUM CONCENTRATION EQUAL
TO THAT OF THE HK RAT PLASMA

Diet In autologous In autologous plasma In Krebs

group plasma ([K]adj) ([Kladj)
HK 438+ 3.5 43.8 + 3.5* 43.0 = 4.0*
NK 457+54 59.9 +£5.7§ 60.3 £ 5.8§
LK 28.2 +2.3* 55.9 + 5.9§ 59.1 +5.3§

Note. Values are expressed as means + SE; *P < 0.05 vs NK group in same incubation medium; §P < 0.05 vs same
dietary group in autologous plasma; N = 9-10 rats per diet group.

incubated in Krebs-Henseleit solution of
equal potassium concentration. Nonspecific
8Rb* uptake, plasma sodium concentration,
body weights, and hematocrit values did not
differ among the diet groups (Table II).

Two observations suggested that, in rats
fed a high potassium diet, there occurs an
adaptive response that is characterized by
suppression of the stimulatory effect of in-
creased extracellular potassium concentra-
tion of vascular Na-pump activity. First,
when arteries from NK- and HK-diet rats
were incubated in autologous plasma, Na-
pump activities were not different, despite
the higher potassium concentration in the
HK-diet rat plasma. And, second, when in-
cubated at equal potassium concentration, in
either autologous plasma or buffer, Na-
pump activity was significantly lower in tail
arteries from HK-diet rats than in those from
either NK- or LK-diet rats. The results
shown in Fig. 1 confirm this conclusion; al-
though increasing the potassium concentra-
tion of the incubation medium increased

Na-pump activity in tail arteries from all
three dietary potassium groups, this effect
was not as great for arteries from rats fed the
HK diet as for those fed the LK or NK diets.
As a result, at incubation medium KCI con-
centrations of 4 mM or more, Na-pump ac-
tivity of tail arteries from rats fed the HK diet
was significantly less than that of arteries
from rats fed the NK diet or the LK diet. Tail
artery Na-pump activity responses to
changes in potassium concentration did not
differ between the NK and the LK rats.
Ouabain-binding studies were carried out
using tail arteries from rats fed the three po-
tassium diets to assess whether the reduced
stimulatory effect of increased extracellular
potassium concentration was associated with
Na-pump site down-regulation in rats fed the
HK diet. Scatchard analysis of equilibrium
binding resulted in a linear plot, suggesting a
single population of [3H]ouabain-binding
sites in all treatment groups; nonspecific
ouabain binding was 20-30% of total bind-
ing and did not vary significantly among the

TABLE II. EFrecT OF HIGH (HK), NORMAL (NK), AND Low (LK) POTASSIUM DIET ON NONSPECIFIC UPTAKE,
PLASMA Nat AND K* CONCENTRATIONS, BODY WEIGHT, AND HEMATOCRIT

Measurement HK NK LK

Nonspecific uptake
(nmol/mg/17 min) 7.96 +0.95 7.67 +£0.83 6.01 £0.92

Plasma [K*] (mEq/liter) 5.66 + 0.31* 4.68 £0.17 2.56 + 0.17*
Plasma [Na*] (mEq/liter) 137 +2 138 + 1 139 +2
Body weight (g) 348 + 7 391 +17 351 +12
Hematocrit (%) 42 + 1 40 + 1 42 +1
Number of rats 9 10 10

* P < 0.05 compared to NK.



284

8

) ~
o o
T 1

Uptake (nmol/mg/17 min)
w
o
1§

-
O

1 I 1
01 4 12 24

Potassium Concentration in Medium (mM)

FI1G. 1. Relationship between extracetlular potassium
concentration and vascular Na-pump activity in tail ar-
teries from rats maintained for 21 days on high (solid
circles), normal (solid squares) or low (open circles) di-
etary potassium intake. Values represent means + SE for
eight rats per dietary group. *P < 0.05 compared to
normal potassium group values.

three groups. As shown in Table III, the den-
sity of specific ouabain-binding sites, ex-
pressed as fmole [*H]ouabain bound/mg tis-
sue, did not differ significantly between the
rats fed the NK diet and those fed either the
HK or the LK diet. There was, however, a
significantly greater binding site density for
the HK-diet rats compared with the LK-diet
rats. K, values did not differ significantly
among the three groups.

Discussion. Renal adaptation to chronic
intake of high potassium is well documented.
Kidney responds to a high potassium load by
increasing its ability to excrete the excess po-
tassium (5, 7, 22). This response is associated
with an elevation of plasma aldosterone
levels and with increased secretion of potas-
sium in the collecting tubules (7, 22). A
structural adaptation of the basolateral
membrane cells and stimulation of Na*, K*-
ATPase in the collecting tubules is also re-
ported during high potassium intake (6, 7,
19). Effects of altered dietary potassium in
other tissues are less well defined. The
present study demonstrates that after 3
weeks of high dietary potassium (HK) intake,
which resulted in elevated plasma potassium
concentrations, rat tail artery Na-pump ac-
tivity is altered, such that the stimulatory ef-
fect of elevated extracellular potassium con-
centration on the pump activity is dimin-
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ished. In contrast, chronic exposure to
reduced extracellular potassium resulting
from a low potassium (LK) diet did not alter
the relationship between potassium concen-
tration and tail artery Na-pump activity. The
mechanism responsible for this effect of in-
creased dietary potassium cannot be fully
defined, but, on the basis of the [*H]-
ouabain-binding study, down-regulation of
Na-pump site density does not appear to be
responsible for the diminished response to
increased extracellular potassium. On the
contrary, there was a tendency for specific
ouabain-binding site density to be increased
by the HK diet and decreased by the low
potassium (LK) diet. Thus, neither the value
for rats eating the HK diet nor the value for
rats eating the LK diet differed significantly
from the control value (NK diet); binding-
site density was 30% greater for tail arteries
from HK-diet rats than for those from LK-
diet rats. Taking in combination the bind-
ing-site density and the Na-pump activity at
equal incubation medium potassium con-
centration, the ratio of uptake to binding-site
density for the HK-diet rat arteries was only
about 60% of the values for the NK- or LK-
diet rat arteries. Thus, the results of this
study suggest that chronically incresed di-
etary potassium intake resulted either in the
emergence of nonfunctional, but specific,
ouabain-binding sites, or in an increased
population of Na-pump sites having a re-
duced turnover, or both.

There may be other factors influencing the
pump activity during chronic treatment with

TABLE III. SoDIUM-PUMP SITE DENSITY, Byax, AND
DISSOCIATION CONSTANT, K;; VALUES DETERMINED
FROM [*HJOUABAIN BINDING STUDIES IN TAIL
ARTERIES FROM RATS FED HIGH (HK), NORMAL
(NK), orR Low (LK) DIETARY POTASSIUM

Bmax Kd
Treatment (fmol/mg dry wt) (nM) N n
HK 73+£8— 363 3 43
NK 617 = 39+3 4 56
LK 56 + 4 —J 42+6 4 58

Note. Data are presented as means = SE; N represents
number of experiments; » represents number of rats
used for each N; *P = 0.05.
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high or low potassium. Aldosterone is known
to stimulate Na*, K*-ATPase activity in kid-
ney and in other tissues (34-37). Although
plasma aldosterone levels were not measured
in this study, based on similar studies by
other investigators, it is reasonable to assume
that aldosterone was increased in the plasma
of HK rats in this study. In the kidney,
Mujais et al. (37) have shown that chronic
infusion of aldosterone, which mimics the
high physiologic levels obtained during po-
tassium loading, produces a time-dependent
increase in Na*, K*-ATPase activity in the
cortical collecting tubule in both rats and
rabbits. This increase in enzyme activity was
accompanied by a parallel increase in spe-
cific [*’H]ouabain binding in aldosterone-
treated rabbits, indicating an increase in the
number of enzyme units, since affinity of the
enzyme for either Na* or K™ was unaltered.
However, potassium per se may also have an
effect on activity of Na*, K*-ATPase inde-
pendent of aldosterone. For example, Garg
and Narang (21) have demonstrated that
Na*, K*-ATPase activity increases with in-
creased diet potassium in the cortical collect-
ing duct in adrenalectomized rabbits. This
increase in enzyme activity was accompa-
nied by an increase in potassium excretion.
A chronic potassium diet also stimulates
Na®, K*-ATPase activity in the homoge-
nized renal cortex, medulla, and in the col-
lecting tubules of mice and rats (19, 20), an
effect also independent of aldosterone. This
increase appears to be specific to the renal
tissue, as brain, liver and the skeletal muscle
enzymes are unaffected (20).

Aldosterone is also known to stimulate
Na™* transport (34), K* turnover (35) and,
more specifically, ouabain-sensitive Na*-ef-
flux, the Na-pump (36) in arterial smooth
muscle in in vitro preparations. Although we
did not measure plasma levels of aldosterone
in this study, exposure to plasma aldosterone
or other substances which may have been
altered during potassium diet does not ap-
pear to be important for our conclusions,
since comparison of adjusted plasma and
Krebs did not reveal any differences in vas-
cular Na-pump activity. It should also be
pointed out that in the present study, as in
most studies of this type, total osmolar in-
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take and thus water turnover varies directly
with potassium content of the diet (5). It was
shown earlier in this laboratory that 13-day
treatment with HK diet resulted in a dou-
bling of the fluid intake and urine volume
(5). The contribution of these nonspecific al-
terations in fluid and osmolar contents has
not been assessed.

Other studies have demonstrated varied
and contrasting alterations in Na-pump ac-
tivity, specific binding of [*H]ouabain or site
density, or Na*, K*-ATPase activity in a va-
riety of tissue and cell systems following
chronic exposure to increased or decreased
extracellular potassium. In the present study
we have demonstrated an apparent dissocia-
tion between the effect on the number of
binding sites and the rate of Na-pump activ-
ity. In an earlier study, Erdmann ez al. (4)
found that chronic potassium deficiency for
10-18 days results in a 130% increase in Na™,
K*"-ATPase activity in quinea pig heart mus-
cle. There was no change in kinetic proper-
ties of the enzyme, suggesting that the in-
crease was due to an increase in the number
of enzyme units. In contrast, Nergaard ez al.
(23) have shown that potassium depletion
markedly decreases both Na-pump site den-
sity and Na-pump activity in rat skeletal
muscle. The nature of these two tissues, skel-
etal vs heart muscle, may explain the discrep-
ancies between the two studies. Skeletal
muscle has the largest depot of potassium in
the body. During potassium depletion it
loses potassium and gains sodium. By con-
trast, the sodium and potassium contents of
other organs (38-40), including the heart
(16), remain constant for several weeks. In
the vascular tissue, Aalkajer et al. (18) deter-
mined Na-pump site numbers in rat mesen-
teric arteriols. Three weeks of potassium
depletion produced at 35% reduction of
specific [*H]ouabain-binding sites. The prin-
cipal difference between our study and Aal-
kajer’s is that they used resistance vessels,
whereas we used the tail artery which is con-
sidered a conduit artery. The second differ-
ence is the content of potassium in the LK
diets; they used a diet lower in potassium
(0.75 mmole K/kg) than we did (4 mmole
K/kg). The binding methods used were also
slightly different. Although both studies uti-



286

lized the whole tissue [*H]ouabain binding,
we analyzed our data using Scatchard trans-
formation, a more widely accepted approach
to receptor-binding studies. These differ-
ences may partly explain the conflicting re-
sults.

In conclusion, the results of this study sug-
gest that an adaptive change occurs in the
vascular smooth muscle Na-pump in rats
chronically fed a high potassium diet. As a
result of this change, Na-pump activity re-
mains at normal levels despite increased ex-
tracellular potassium concentration. In con-
trast, in rats fed a potassium-deficient diet,
chronically decreased extracellular potas-
sium concentration is associated with de-
creased vascular Na-pump activity, a re-
sponse consistent with that produced by
acutely decreased potassium concentration.
Further studies will be required to elucidate
the mechanism responsible for the altered
relationship between vascular Na-pump ac-
tivity and extracellular potassium concentra-
tion in rats fed excess potassium, and to de-
termine what changes, if any, in vascular
smooth muscle function are associated with
the chronically decreased Na-pump activity
in potassium-deprived rats.
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Warren, Janet Gunter, Paul Tucker, and Keith Sanford
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ported by USPHS Grants HL-17796 and HL-32270, and
by American Heart Association Grant 84-1198.
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