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Renal Adaptation to Potassium in the Adrenalectomized Rabbit
Role of Distal Tubular Sodium-Potassium Adenosine Triphosphatase

Lal C. Garg and Neelam Narang
Department of Pharmacology and Therapeutics, University of Florida College of Medicine, Gainesville, Florida 32610

Abstract

Potassium secretion and sodium-potassium adenosine triphos-
phatase (Na-K-ATPase) activity in the distal nephron segments
are known to be influenced by the dietary intake of KV. This has
been attributed to a change in the plasma aldosterone level, which
also influences K+ secretion and Na-K-ATPase activity in the
distal nephron. To investigate whether or not dietary K+ can
modulate Na-K-ATPase activity in the distal nephron indepen-
dently of aldosterone, we determined Na-K-ATPase activity in
four distinct nephron segments of adrenalectomized (adx) rabbits
given four specific diets for 1 wk before experimentation. Na-
K-ATPase activity was determined by a fluorometric microassay
in which ATP hydrolysis is coupled to NADHoxidation. The
nephron segments examined were the distal convoluted tubule
(DCI), the connecting tubule (CNT), the cortical collecting duct
(CCD), and the outer medullary collecting duct (MCD). All diets
were similar in composition except for their K+ contents, which
were 100, 300, 500, and 700 meq/kg in groups 14, respectively.
In these adx animals, Na-K-ATPase activity increased >200%
in the CCDas the dietary intake of K+ increased. There was a
linear relationship between K+ excretion and the enzyme activity
in this segment. There was a 50% increase in Na-K-ATPase
activity in the CNTas the dietary intake of K+ increased in adx
animals. However, there were no significant differences in Na-
K-ATPase activities in the DCTand MCDamong the four treat-
ment groups. It is concluded that dietary K+ intake can influence
Na-K-ATPase activity in the CCDand CNT independently of
plasma aldosterone levels.

Introduction

It has been shown that renal sodium-potassium adenosine tri-
phosphatase (Na-K-ATPase)' activity increases when potassium
(K+) intake is increased in animals (1). This finding has been
regarded as an adaptive mechanism whereby the kidney can
excrete more K+. Because K+ secretion occurs in the late distal
tubule and the collecting duct (2, 3), the changes in Na-K-ATPase
activity in these nephron segments probably play a major role
in K+ adaptation (4, 5). The mineralocorticoids such as aldo-
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sterone have also been shown to increase Na-K-ATPase activity
selectively in the late distal tubule and the collecting duct (6).
Because an increase in plasma Ki increases aldosterone secretion
(7, 8), it has not been established whether the renal adaptation
to K+ can occur independently of mineralocorticoids. Therefore,
we studied the effect of dietary K+ intake on Na-K-ATPase ac-
tivity in the distal nephron of adrenalectomized (adx) rabbits.

Methods
Animals. Male rabbits weighing 1,000-1,500 g were adrenalectomized
bilaterally and divided into four groups. The completeness of adrenal-
ectomy was assessed by the absence of aldosterone in the plasma. All
animals were given 0.12 MNaCl to drink and were fed specially for-
mulated diets (Teklad, Madison, WI) for 7-12 d before experimentation.
Animals in group 1 received a basic diet2 that contained 100 meq/kg of
potassium. Groups 2, 3, and 4 received diets that contained an increased
quantity of potassium (Table I) and a slightly decreased quantity of sucrose
and cornstarch. The K+ content of the group 2 diet was equivalent to
that of normal rabbit laboratory diet (300 meq/kg), but was higher than
that of normal rat laboratory diet (200 meq/kg) (9). To estimate the
amount of food ingested, the diet given to each animal was monitored
over the entire period of experimentation.

Collection and analysis of urine and plasma. The methods followed
for collection and analysis of urine and plasma were the same as described
previously (6). A 48-h urine specimen was collected by placing each
animal in a metabolic cage before experimentation. Blood was collected
from the neck stump after decapitation. Na+ and K+ content in the
plasma and urine were determined by flame photometry (model 143,
Instrumentation Laboratory, Inc., Lexington, MA), and plasma aldoste-
rone was determined by radioimmunoassay (Hazelton Laboratories,
Vienna, VA). Plasma and the urine creatinine levels were determined
by the Jaffe reaction (10).

Microdissection of nephron segments. The methods for microdissec-
tion and preparation of nephron segments have been described in detail
previously (6). In summary, the'rabbits were decapitated and one kidney
was excised and perfused with collagenase solution. Tangential slices and
medullary rays of the perfused kidney were incubated in collagenase
solution with 100% 02 at 370C for 30-50 min. The tissue was then
transferred to cold (40C) buffer without collagenase and the individual
nephron segments were dissected under a stereomicroscope. The segments
were identified by their morphologic characteristics and location in the
renal tissue. Two types of segments were dissected out from the superficial
nephrons in the tangential slice: the distal convoluted tubule (DCT) and
the connecting tubule (CNT). Two additional nephron segments were
dissected from the medullary rays: the cortical collecting duct (CCD)
starting from the junction of two tubules (DCT) and the medullary col-
lecting duct (MCD) from the inner stripe of the outer medulla. Six tubules
of each type were dissected from each rabbit to determine ATPase ac-
tivities in triplicate (three with and three without ouabain).

Determination of Na-K-ATPase activity in individual nephron seg-
ments. Na-K-ATPase activity was determined in the intact nephron seg-
ments by a microassay described in detail previously (6). In summary,

2. Composition of the basic diet: Sucrose 18.1%, cornstarch 18.0%, high-
protein casein and other amino acids 17.7%, dextrose 15.0%, cellulose
fiber 15.0%, dehydrated alfalfa meal 6.0%, corn oil 5%, vitamin mix
1.2%, NaCI 1.1 1%, KCI 0.39%, and other minerals 2.5%.
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Table I. Potassium Content, Food Intake, Body Weight, and Kidney Weight of Experimental Rabbits

Experimental Kidney Survival after
group Dietary K+ content Food intake K+ intake Body weight weight adrenalectomy

meq/kg g/day meqlday g g %

1 Low (100) 23.3±3.2 (3) 2.3±0.3 (3) 1,250±79 (6) 4.8±0.3 (6) 63.3
2 Normal (300) 21.0 (1) 6.3 (1) 1,243±79 (5) 5.6±0.4 (5) 42.8
3 High (500) 28.4±4.6 (5) 14.2±2.3 (5) 1,322±68 (5) 5.0±0.4 (5) 53.8
4 Very high (700) 22.6±3.9 (5) 15.8±2.7 (5) 1,383±37 (5) 5.4±0.3 (5) 35.8

The values represent mean±standard error of the mean of the number of animals given in parenthesis. The body and kidney weights were taken
on the day of sacrifice.

the assay is based on hydrolysis of ATP to ADP, which is coupled to
oxidation of NADHas follows:

Na+, NH+, Mg++
ATP 4 , ADP+ P

ATPase

NH+, Mg++
ADP+ phosphoenolpyruvate 4 ATP + pyruvate

pyruvate kinase

Pyruvate + NADH lactate NAD+ lactate.
dehydrogenase

All three reactions were performed in the same vial which was incubated
in a shaking water bath at 37°C for 30 min. The final composition of
the incubation buffer was: NaCI, 100 mM;NH4Cl, 66.7 mM; imidazole,
50.3 mM; MgCl2, 3.7 mM; EDTA, 0.08 mM; Na2ATP, 1.1 mM; phos-
phoenolpyruvate, 0.6 mM;NADH, 0.017 mM; pyruvate kinase, 3.1 U/
ml and lactate dehydrogenase, 4.1 U/ml. The ouabain when present was
1.0 mM. Because all the reactants were in considerable excess, the only
rate-limited step was generation of ADP from ATP by renal tubular
ATPase.

The depletion of NADHwas measured fluorometrically. Because
there is a linear relationship between ADPformation and NADHoxi-
dation, the ATPase activity was calculated as formation of ADP in pi-
comoles/minute per millimeter. Total ATPase activity (in the absence
of ouabain) and the residual ATPase activity (in the presence of ouabain)
were determined in triplicate (three segments of the same type). The
calculated difference between total ATPase activity and residual Mg-
ATPase activity is called Na-K-ATPase activity.

Statistical analysis. Simultaneous comparisons of different parameters
of various treatment (dietary K+) groups were made by analysis of vari-
ance. Because of the reasons stated by Glantz (11) and Wallenstein et
al. (12), we used Bonferroni's method for making individual contrasts
between treatment pairs. The null hypothesis was rejected at the 0.05
level of significance. The relationship between the K+ excretion and Na-
K-ATPase activity was determined by the regression analysis with and
without (In) transformation of the data.

Results

Food intake, animal, and kidney weights (Table I). Because of
technical problems, the food intake was recorded in only 14 of
21 experimental animals. There was no apparent difference in
the food intake among the four groups of animals. Dietary intake
of K+ in group 4 was, therefore, about seven times that of
group 1.

There was no significant difference in the final body weights
or the kidney weights in the four groups. The survival rate of
the adx rabbits varied from 35.8% (group 4) to 63.3% (group 1).

Plasma and urine electrolytes (Table II). There was no sig-
nificant difference in plasma Na+ concentration among the four
treatment groups. However, the mean plasma K+ of group 4
(6.1±0.4 meq/liter) was significantly greater than in group 1
(4.6±0.3 meq/liter). Aldosterone levels were not detectable (<2
ng/dl) in the plasma of any of the animals.

There was no significant difference in Na+ excretion among
the four groups of animals. However, the rate of K+ excretion
was significantly greater in animals fed a normal or high-K+ diet
(groups 2-4) when compared with animals on a low-K+ diet
(group 1). Because there was no significant difference in the cre-

atinine clearance of the four groups of animals, the greater rate
of K+ excretion in animals on a high-K+ diet was probably due
to an increased secretion of K+ in these animals. In fact, the
fractional excretion of K+ in group 4 was 129.5±24.2% indicating
net K+ secretion.

Na-K-A TPase (Table III). Na-K-ATPase activity in the CCD
of groups 3 and 4 was significantly greater than in group 1. The
enzyme activity in group 4 was also significantly greater than in
group 2. Na-K-ATPase activity in the CNTof group 4 was sig-
nificantly greater than values obtained in group 1. However,
there were no significant differences in Na-K-ATPase activities
in the DCTor MCDamong the four treatment groups.

Table II. Plasma and Urine Electrolytes

Treatment Plasma Creatinine Fractional
group Na+ K+ aldosterone Na' excretion K+ excretion clearance excretion of K

n meqiliter meq/liter yeq/h per 100 g Aeq/h per 100 g mi/h %

1 6 139±4 4.6±0.3 ND 64±8 6.7±0.7 114±17 17.3±2.1
2 5 137±3 5.4±0.3 ND 60±20 25.4*+7.4 101±26 59.2*+10.2
3 5 140±2 5.1±0.3 ND 46±10 32.5*+8.1 138±25 63.6*+ 13.2
4 5 140±4 6.1*+0.4 ND 73±21 51.8*+8.1 107±23 129.5t±24.2

Each value represents the mean±standard error of the mean of n animals. ND, nondetectable (<2 ng/dl). * P < 0.05 vs. group 1. t P < 0.05 vs.
groups I and 2.
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Table III. Na-K-A TPase Activity in Rabbit Nephron Segments

Treatment group DCT CNT CCD MCD

n pmol- min-' - mm-' pmol. min-' - mm' Pmolo min-, ' mm-, pmol- min-' - mm-

1 6 76.7±11.4 43.8±6.2 9.5±1.2 10.7±2.2
2 5 62.6±4.9 66.6±13.1 16.0±3.7 16.8±3.5
3 5 69.0±4.6 68.8±8.3 23.8*+0.9 12.2±1.2
4 5 95.0±12.1 68.6*+5.5 31.04±2.8 10.4±1.1

Each value represents the mean±standard error of the mean of n animals. * P < 0.05 vs. group 1. t P < 0.05 vs. group 1 and 2.

Relationship between Na-K-A TPase activity and K+ excretion
(Fig. 1). There was a linear relationship between Na-K-ATPase
activity in the CCDand K+ excretion (y = 13.0±0.24 and r
= 0.53) of all animals. The correlation coefficient was improved
(r = 0.67) when the data were analyzed after (In) transformations.
The slope of the regression lines was significantly different from
0 both with and without transformations. There was no signif-
icant relationship between Na-K-ATPase activities in the other
three segments (DCT, CNT, and MCD)and K+ excretion.

Mg-A TPase (Table IV). There were no significant differences
in Mg-ATPase activities in any of the four types of nephron
segments among the treatment groups. The high standard error
and mean value in the CNTof group 4 is due to an unusually
high Mg-ATPase activity in one of the five rabbits in this group.

Discussion

Dietary K+ and renal Na-K-A TPase activity. Our results dem-
onstrate for the first time that Na-K-ATPase activity in CCD
and CNTof adx rabbits can be modulated by dietary K+. The
potassium load in the diet has been shown previously to increase
renal Na-K-ATPase activity in non-adx (intact) animals (1) where
changes in the enzyme activity have been localized mainly to
the CCD(4, 5). However, an increase in the plasma K+ con-
centration also increases the secretion of aldosterone (7, 8), which
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Figure 1. Relationship between Na-K-ATPase activity in the CCDand
K+ excretion. The regression equation for this relationship is: y = 13.0
+ 0.24x with a correlation coefficient (r) of 0.53. The slope of the
regression line is significantly different from zero at P < 0.05.

is a strong stimulus for increasing Na-K-ATPase activity in the
CCD(6, 13, 14). In the present study we have demonstrated
that Na-K-ATPase activity in the CCDand CNTcan also be
increased by increasing the dietary K+ intake in the absence of
aldosterone. These results are consistent with those of Silva et
al. (1), who demonstrated that K+ loading increased Na-K-
ATPase activity in renal cortical homogenates from adx rats
maintained on a fixed dose of deoxycorticosterone. Our results
are also consistent with those of Doucet and Katz (4), who re-
ported that K+ loading in intact mice increased Na-K-ATPase

'activity in the CCDeven after treatment with spironolactone
(an aldosterone antagonist). However, our results are at variance
with those of Mujais et al. (15), who reported that the Na-K-
ATPase activity in the CCDof adx rats was not increased by an
increase in dietary K+ intake. The reasons for the differences
between our results and those of Mujais et al. ( 15) are not readily
apparent except for the species difference of the two animal
models studied.

Silva et al. (1) reported that K+ loading in intact rats also
increased Na-K-ATPase activity in the renal medulla. Doucet
and Katz (4) reported a 20% and 200% increase in Na-K-ATPase
activity in the medullary thick ascending limb and the MCD,
respectively, after increasing dietary K+ in intact mice. However,
in an earlier study, we did not find a decrease in Na-K-ATPase
activity in the MCDafter decreasing dietary K+ in the intact rat
(5). In the present study, we did not determine Na-K-ATPase
activity in the medullary thick ascending limb. Furthermore,
we did not find a significant change in Na-K-ATPase activity in
the MCDof adx rabbits after changing the dietary K+ content
of the animals. Our results are consistent with those of Stokes
(16), who did not find any evidence of active secretion of K+ in
the MCD.However, the role of Na-K-ATPase in K+ adaptation
in the medullary segments needs to be examined further in both
the presence and the absence of aldosterone.

Potassium excretion. In the present studies changes in Na-
K-ATPase activity in the CNTand the CCDwere accompanied
by changes in K+ excretion in adx animals. Potassium excretion
increased four- to sevenfold in adx animals fed high-K+ diets
(groups 2, 3, and 4 in Table II). The fractional excretion of K+
in animals on very high-K+ diet (group 4) was 130% compared
to just 17% in animals on low-K+ diet (group 1). These results
demonstrate that inspite of adrenalectomy, there was net secre-
tion (>100% excretion) of K+ in animals ingesting a diet very
high in K+, and there was net reabsorption (<100% excretion)
of K+ in animals on a low-K+ diet. Previously, it has been shown
that intact animals adapt to increased K+ load by excreting more
K+ (2, 17, 18). This has been attributed to an increase in the
plasma aldosterone level (7, 8, 18, 19). Our results demonstrate
that K+ excretion can be increased in adx rabbits in response to
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Table IV. Mg-A TPase Activity in Rabbit Nephron Segments

Treatment group DCT CNT CCD MCD

n pmol - min-' * mm-' pmolb min-' * mm-' pmol . min-' * mm-' pmol - min-' * mm-'

1 6 49.3±6.9 37.3±8.1 14.0±2.9 12.3±2.5
2 5 34.2±2.4 37.6±4.3 17.8±6.4 19.6±5.0
3 5 40.8±5.5 45.0±9.5 15.2±1.7 8.4±1.6
4 5 45.6±5.0 62.0±20.5 13.8±2.9 7.0±2.6

Each value represents the mean±standard error of the mean of n animals.

an increased intake of dietary K+ in the absence of aldosterone.
These results, together with those reported by other investigators,
suggest that the increased renal excretion of K+ that occurs in
response to a K+ load is the result of two processes: an aldoste-
rone-dependent process and an aldosterone-independent process.
The relative importance of each can not be ascertained from the
present data.

Mechanism of K+ adaptation. The adaptive changes in Na-
K-ATPase in the CCDof the adx rabbit produced by dietary
K+ were preserved in vitro even after killing the animals. It seems
likely that in this experimental setting the changes in Na-K-
ATPase activity may be due to a change in the number of active
enzyme units as has been shown in the case of intact animals
(20) rather than result from a change in enzyme kinetics. The
mechanism whereby the increase in dietary K+ intake would
result in an increase in Na-K-ATPase activity cannot be delin-
eated from the present studies. It is possible that K+ not only
regulates the kinetics of the Na' pump (21), but may also regulate
steady-state levels of Na-K-ATPase either by affecting the rate
of synthesis or by modifying the rate of its degradation. On the
other hand, it is possible that K+ may release or suppress some
nonadrenal hormone (or factor) that may modulate Na-K-
ATPase activity in CCDand CNT of adx animals. It is also
likely that changes in Na-K-ATPase activity in the CNTand
the CCDin adx rabbits are the result of changes in K+ recycling
produced by dietary K+. The concept of K+ recycling as proposed
by Jamison et al. (22) involves net secretion of K+ in the CNT
and the CCD. The secreted K+ is concentrated in the CCDby
water abstraction. Because of a favorable electrochemical gra-
dient, the K+ is reabsorbed in the MCD. The reabsorbed K+ is
secreted into the pars recta and the thin descending limb to
produce a high K+ concentration at the bend of the loop of
Henle of juxtamedullary nephrons. Chronic K+ loading in the
intact rat has been shown to increase K+ delivery at the bend
from 100% to 300% of the filtered load (22). Recently, the in-
creased K+ concentration has been demonstrated to decrease
NaCl reabsorption in the medullary thick ascending limb (23).
This process would increase the delivery of salt and water to
distal segments resulting in an increased secretion of K+ in the
CNTand the CCD. If these events occur in the adx rabbit, the
increase in Na-K-ATPase activity in the CNTand the CCDin
the present study may be due to an increase in K+ recycling
after K+ loading of animals.

The results obtained by several investigators (24, 25) using
in vitro perfusion of the CCDsupport a model in which trans-
epithelial secretion of K+ is driven by Na-K-ATPase in the ba-
solateral membrane and moves passively through a K+-conduc-
tive pathway in the apical membrane. Secretion of K+ in the
CCDis related to Na' reabsorption which is dependent on its

entry into the renal tubular cells through the apical membrane.
Although apical Na+ permeability in the CCDis influenced by
mineralocorticoids, Wingo et al. (26) reported that K+ secretion
in the CCDcan be increased by increasing dietary K+ indepen-
dently of mineralocorticoids. Furthermore, Wingo (27) has
shown that K+ secretion in the CCDof adx rabbits can be in-
hibited completely by ouabain, thus indicating that K+ secretion
in this segment is dependent on Na-K-ATPase even in the ab-
sence of mineralocorticoids. Our data are the first to provide
measurements of Na-K-ATPase activity in the CCDand other
distal segments of adx animals fed different K+ diets. Wehave
demonstrated a substantial (>200%) increase in Na-K-ATPase
activity in the CCDof adx animals given a very high-K+ diet
(Fig. 2). The dietary K+ produced a somewhat smaller increase
in Na-K-ATPase activity in the CNT of the adx rabbits. Our
results suggest that CCDand CNTare important sites of handling
K+ in adx animals as is true in intact animals (2-5). Furthermore,
our data suggest that in these segments Na-K-ATPase is involved
in K+ adaptation regardless of the mineralocorticoid status of
the animals. Thus, our data are consistent with a model of K+
secretion that involves Na-K-ATPase in the basolateral mem-
brane and passive K+ movement in the apical membrane of the
CCD(24, 25) irrespective of the mineralocorticoid status of the
animal.
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Figure 2. Na-K-ATPase activity in distal nephron segments of adx
rabbits given different K+ diets. Results are expressed as percent
change in the enzyme activity in nephron segments of rabbits given
low K+ diet. Abbreviations used for nephron segments are explained
in the text. *P < 0.05 vs. low-K+ diet group; **P < 0.05 vs. low-K+
and normal-K+ diet groups.
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Adaptation to a dietary K+ load also involves certain ex-
trarenal mechanisms such as the secretion of K+into the colon
(28-30). These processes are probably dependent on aldosterone-
stimulated Na-K-ATPase in the colonic mucosa. Recently,
Martin et al. (31) reported that the administration of a high-K+
diet to adx rats did not increase K+ secretion into the colon.
These results are not necessarily inconsistent with our present
data for the following reason. If adaptation to moderate loads
of K+does occur in adrenal insufficiency in animals as in humans
(32, 33), it may occur through the Na-K-ATPase-dependent renal
secretion of K+ rather than both renal and colonic secretion of
this ion.

Adrenal steroids and dietary KV. The relative importance of
dietary K+ and adrenal steroids in modulating Na-K-ATPase
activity in the CCD(and CNT) and K+ adaptation cannot be
determined from the available data. Bilateral adrenalectomy has
been shown to decrease renal Na-K-ATPase activity by -40%
(21). In the present study, Na-K-ATPase activity in four different
distal nephron segments from adx rabbits was 40-60% less when
compared with values for Na-K-ATPase activity in the same

segments obtained from intact rabbits as reported previously
(6). Petty et al. (13) and El Mernissi and Doucet (14) reported
a 40-85% decrease in the Na-K-ATPase activity in the DCT
and the CCDof adx rabbits. The quantitative differences in the
decrease of Na-K-ATPase activity in the CCDafter adrenalec-
tomy in various studies may be due to a difference in food (K+)
intake of adx animals. However, it should be pointed out that,
in our studies and in those of Petty et al. (I13) and El Mernissi
and Doucet (14), Na-K-ATPase activity in the distal segments
of adx rabbits was significantly greater than zero. This suggests
that if K+ secretion into the distal tubular segments is dependent
on Na-K-ATPase activity, K+ secretion should occur at a sig-
nificant rate even in adx animals. As discussed above, this has
been shown to be true in the CCD(26, 27).

The rate of decline in whole kidney Na-K-ATPase activity
after adrenalectomy has been shown to depend on Na' intake
and the plasma Na' concentration (21). In the present study the
Na' content in the diets and in the drinking water of all four
groups of animals was the same. Furthermore, there was no
significant difference in the plasma Na' concentration, the cre-

atinine clearance, or the rate of Na' excretion (Table II) in the
four groups. Therefore, the differences in Na-K-ATPase activity
in CCDand CNT (Fig. 2) in the four groups of adx animals in
the present study cannot be explained by differences in the filtered
load of Na'.

An increase of 200% in Na-K-ATPase activity in the CCD
by the dietary K+ in adx rabbits in the present study (Fig. 2) was

of the same magnitude as was obtained by hyperaldosteronism
produced in intact rabbits by feeding a low-sodium diet (6). Be-
cause the food and K+ intake may also differ in adx and intact
animals, further studies are needed to determine the relative
importance of the effects of dietary K+ and hyperaldosteronism
on Na-K-ATPase activity and whether they have an additive
effect in the CCDand the CNT.

In summary, these experiments performed on adx rabbits
demonstrate that potassium loading causes an increase in Na-
K-ATPase activity in the CNTand the CCD. The increase in
renal tubular Na-K-ATPase activity in association with potas-
sium loading is not dependent on a priming action of adrenal
steroids. Our data may explain a mechanism by which tolerance
to moderate K+ loads develops in patients with uncomplicated
adrenal insufficiency maintained on a high salt intake (32, 33).
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