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Summary. Mineralocorticoids play a major role in the regulation 
of sodium transport  in a variety of  t issues,  including the cortical 
collecting duct (CCD) of  the mammal ian  nephron.  To assess ,  in 
part, the underlying mechanism(s)  of  this control, the present  
studies were designed to evaluate,  first, the influence of miner- 
alocorticoids on the Na-K-ATPase  activity in the rabbit CCD 
and,  secondly,  a possible role of  sodium entry into the cell at the 
luminal border  on the regulation of the Na-K-AYPase .  In the first 
series of  studies,  rabbits were maintained on a low sodium diet 
which raised serum aldosterone levels from 16 to 70 ng/dt after 
3-4  days,  with further  elevat ions being expressed  with t reatment  
for two weeks  or more. In CCDs  isolated from these animals,  the 
Na-K-ATPase  increased from 13 to 40 pmol ADP min ~ m m <  
after 3 -4  days on the low sodium regimen, but then declined, 
returning to control values after approximately 2 weeks.  This 
decline in activity was preceded by a decrease in the Na* con- 
centrat ion of  the urine to low levels and hence,  likely coincided 
with a decreased delivery of sodium to, and sodium entry into 
the cells of, the CCD. If dietary manipulat ions were used to 
maintain a high delivery of sodium to the CCD in the animal, 
elevation of  p lasma mineralocorticoid levels by t reatment  with 
deoxycor t icos terone  acetate  (DOCA) caused a similar elevation 
in the Na-K-ATPase  activity after 3 -4  days ,  which did not de* 
clinc with cont inued t rea tment  for up to 2 weeks.  Fur thermore,  it 
was observed that mineralocort icoids only exerted their effect on 
the Na -K-ATPase  after a latent period of  I day, well after sodium 
excret ion had fallen, indicating that sodium entry into the CCD 
cells was already st imulated.  If animals  were s imultaneously 
treated with DOCA and the sod ium channel  blocker amiloride 
for 3 -4  days,  the effects on the Na-K-ATPase  were markedly 
reduced,  whereas  amiloride t reatment  alone had no effect on the 
enzyme  activity. Since others  have shown that mineralocorti-  
colds induce synthes is  of  the Na-K-ATPase  subuni ts  in toad 
bladder cells in an amiloride-insensit ive manner ,  sodium must  be 
exert ing its effect on a process  after translation. It is concluded 
that the initial effect of  mineralocorticoids in the CCD is on 
sodium entry with a delayed induction of  the Na-K-ATPase ,  
which is regulated by Na-dependent  modulat ion of a posttransla- 
tional process .  
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Introduction 

The Na-K-ATPase of biological tissues has been 
demonstrated to be the enzymatic equivaIent of the 
N a : K  exchange pump. In renal epithelia this en- 
zyme is responsible for both sodium and fluid reab- 
sorption by the nephron and hence plays a pivotal 
role in the regulation of fluid and electrolyte balance 
(Katz, 1982; Jergensen, 1980). In view of the impor- 
tance of this enzyme in epithelial function, the un- 
derlying mechanisms regulating its levels have been 
the subject of intense study in both renal and nonre- 
nal tissue alike (see recent reviews by Jergensen, 
1980; Stekhoven & Bonting, 1981; Katz, 1982; Ros- 
sier, 1984). 

Several hormones appear to be intimately asso- 
ciated with the regulation of the renal Na-K- 
ATPase of specific nephron segments. Chronic sup- 
pression or elevation for several days of the plasma 
levels of either glucocorticoid or thyroid hormones 
results in corresponding alterations in the levels of 
the enzyme and in Na + transport in the proximal 
tubule (Edelman, 1981; Katz, 1982). Similarly, 
chronic alterations in the plasma levels of mineralo- 
corticoids, such as aldosterone, bring about corre- 
sponding alterations in the levels of the Na-K- 
ATPase and the capacity for Na + transport in the 
collecting duct system (Edelman, 1981; Katz, 1982; 
Marver & Kokko, 1983). These hormone-induced 
changes generally occur slowly, requiring 1 to 2 
days or more for the effects on the Na-K-ATPase to 
be fully expressed (Jergensen, 1968, 1969; Silva, 
Hayslett & Epstein, 1973; Charney et al., 1974; Lo 
et al., 1976; Lo & Edelman, 1976; Lo & Lo, 1979; 
Doucet & Katz, 1981; Mujais et al., 1984). Recent 
evidence indicates that these chronic effects are due 
to alterations in the rate of synthesis of the enzyme, 
and not to alterations in the rate of degradation or to 
the unmasking of latent enzyme units (Jergensen, 
1968; Lo & Edelman, 1976; Geering et al., 1982). In 
view of the slow turnover of this enzyme, the dem- 
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onstration of a rapid (1-3 hr) aldosterone-induced 
stimulation in the levels of the Na-K-ATPase, 
which has been reported only in adrenalectomized 
animals by some investigators (Horster, Schmid & 
Schmid, 1980; Petty, Kokko & Marver, 1981; el- 
Mernissi & Doucet, 1983), but not by others 
(Doucet & Katz, 1981), is likely to fast, if it occurs, 
to be explained by stimulation in the rate of enzyme 
synthesis. Hence, this rapid response observed in 
adrenalectomized animals only may reflect the re- 
cruitment of pre-existing latent enzyme units (see 
Discussion). 

In recent years it has become apparent that the 
delivery of sodium to the various nephron segments 
may also play an important role in the chronic regu- 
lation of Na-K-ATPase levels, as stressed previ- 
ously by Katz and coworkers (Westenfelder et al., 
1977) and JCrgensen (1972). Alterations in sodium 
delivery to the renal tubules have been shown to 
influence the Na-K-ATPase activity of whole tissue 
homogenates from both the cortex and the medulla 
(J0rgensen, 1968, 1972; Westenfelder et al., 1977). 
Furthermore, the effects of mineralocorticoids on 
the Na-K-ATPase of cortical tissue homogenates 
are depressed if the animals are maintained on a low 
sodium diet (Hendler et al., 1972; Charney et al., 
1974; Westenfelder et al., 1977). This has raised the 
question as to whether the influence of hormones on 
the Na-K-ATPase reflects a primary action of the 
hormone, or alternatively, the primary action is on 
sodium entry into the cell with the effects on the 
Na-K-ATPase reflecting a secondary or delayed 
action (JCrgensen, 1972; Katz, 1982). 

The purpose of the present study was to assess 
the underlying role of sodium on the hormonal regu- 
lation of the renal Na-K-ATPase in a selected neph- 
ron segment. The model used was the mineralocor- 
ticoid-dependent regulation of the Na-K-ATPase in 
individual segments of the cortical collecting duct 
from animals with intact adrenals (Garg, Knepper & 
Burg, 1981; LeHir, Kaissling & Dubach, 1982; 
O'Neil & Dubinsky, 1984). This tubule model was 
particularly advantangeous for these studies, since 
sodium delivery to this segment could be controlled 
in the animal by dietary manipulation, and so- 
dium entry into the cells controlled pharmacologi- 
cally with the diuretic amiloride. It was found that 
both exogenous and endogenous mineralocorticoids 
cause a similar elevation in the levels of the Na-K- 
ATPase in the cortical collecting duct, but this ef- 
fect was totally dependent upon sodium delivery to, 
and entry into, the cells of this nephron segment. 
Evidence is presented from the results of this and 
other studies, in support of a general scheme in 
which sodium acts as a modulator of the hormone- 
induced Na-K-ATPase activity by regulating a post- 
translational process. Part of this study has been 

presented in preliminary form (O'Neil & Dubinsky, 
1983; O'Neil & Hayhurst, 1984). 

Materials and Methods 

TREATMENT GROUPS 

New Zealand white female rabbits were used for all studies. The 
animals were divided into four groups and maintained on one of 
the following diets (Purina chow): (1) control group: standard 
chow (0.4% Na +, 1.4% K +) plus tap water for at least one week: 
(2) high Na + group: high Na- chow (0.5% Na' ,  1.3%, K-) plus 
0.9% NaCI drinking water for at least one week: (3) high Na +, 
tow K § group: high Na I , low K + chow (0.5% Na-, 0.2% K-) plus 
0.9% NaCI drinking water for at least one week; (4) low Na + 
group: low Na § normal K + chow (0.05% Na-, 1.3% K-) plus tap 
water for 1 to 17 days. Other than the standard Purina chow 
(control group), synthetic Purina chows were used which were 
identical in composition except for the Na- and K ~ content as 
indicated. All drinking solutions were administered ad libitum. 
Unless otherwise indicated, the animals were of the control 
group. 

In addition to the above dietary regimens, animals from 
selected diet groups~ as outlined in the Results section, were 
treated with the following steroids and drugs: (i) the mineralocor- 
ticoid deoxycorticosterone acetate, DOCA (Organon Inc., At- 
lanta, GA), 2 mg/kg/day, i.m. ;(ii) the glucocorticoid dexametha- 
sone, DEXA (DEXATE--Burns-Biotec Laboratories, Inc., 
Omaha, NE), 0.5 mg/kg/day, s.c.; (iii) the diuretic amiloride 
(Merck Sharp and Dohme. Rahway. N J} in isotonic saline, 10 
mg/kgjtwice daily, s.c.; and (iv) DOCA (2 mg/kg/day) plus ami- 
loride (10 mg/kg/twice daily). In addition, to ensure that animals 
that were maintained on a low Na ~ diet (low Na + group) were 
rapidly Na* depleted (and volume depleted), furosemide 
(Lasix--Hoechst-Roussel, Somerville, N J) was administered 
(1.0 mg/kg, i.v.), on day 1 and 4 after switching to the low Na + 
diet, in a manne, similar to that of Schwartz and Burg (19781. 

ISOLATION AND PERMEABILIZATION 

OF TUBULE SEGMENTS 

At the end of each treatment specified above, the animal was 
sacrificed and the right kidney removed. The kidney was quickly 
sliced sagitally (approx. 1 mm thick), and the slices were placed 
in dissection medium on ice. The medium contained (in mM): 148 
NaC1, 5 KCI, 1.2 MgSO4, 1.0 CaCI> 0.25 Na2HPO4, 1.0 
NaH2PO4, pH 7.4. Fragments (0.5 to 2.0 mm length) of cortical 
collecting duct were dissected free-hand from the slices under 
stereoscopic observation without enzymatic treatment, as de- 
scribed previously (O'Neil & Dubinsky, 1984). 

Isolated cortical collecting duct segments were permeabi- 
lized using combined osmotic and temperature shock as before 
(O'Neil & Dubinsky, 1984). Individual segments were deposited 
into a droplet of distilled water containing 0.1% BSA in the well 
of a concave microscope slide. After a few minutes, the tubule 
was transferred along with 5 ~*1 of the water into a V-shaped 
Delrin well embedded in an aluminum plate (see O'Neil & Du- 
binsky, 1984). In order to rapidly freeze the tubule, the aluminum 
plate was placed on dry ice and then removed, covered, and 
placed on crushed ice to allow the tubule to thaw slowly. Where- 
upon, the tubule was assayed for Na-K-ATPase activity. 
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Diet / t reatment  n Total ATPase  Mg-ATPase Na-K-ATPase  Fractional 
(pmol ADP min E mm ~) Na-K-ATPase  

(%) 

Normal  Na § normal  K ~ 12 31.0 -+ 5.4 15.3 -+ 3.0 15.7 +- 2.6 52.6 + 4.1 
diet (control diet) 

High Na +, normal  K + duet  8 23.8 -+ 0.8 10.6 -- 1.4 13.2 -+ 2.1 54.0 _+ 7.1 
High Na - .  low K -  diet 6 33.5 + 4.2 16.5 +_ 3.1 17.0 -+ 2.4 51.4 + 6.3 

MICROASSAY FOR DETERMINATION 
OF Na-K-ATPAsE ACTIVITY 

The following microassay  has been discussed at length previ- 
ously (O'Neil & Dubinsky,  1984), and will therefnre only be 
presented briefly here. This assay  quantitatively determines 
ATPase  activity by stoichiometrically linking ATP hydrolysis  
and the production of ADP to a highly fluorescent condensed 
form of NAD.  This coupling was initiated enzymatical ly,  using 
pyruvate  kinase and lactate dehydrogenase  to link ATP hydroly- 
sis with the oxidation of NADH.  The resultant NAD was then 
condensed  to its highly fluorescent form for quantitation by incu- 
bation with strong base (see Lowry & Passonneau ,  1972). 

Following permeabil ization of  the tubule, 10/xl of  concen- 
trated incubation medium was added to the 5/xl of  distilled water  
containing the tubule in the Delrin well. The final composit ion of 
the 15/xl of  medium in mM was: 60 NaCI, 60 choline CI. 30 KCI, 
50 imidazole (low f luorescence blank), 5 MgCI2, 0.5 EGTA,  
5 Na ,ATP (equine muscle ,  vanadium-free),  10 phosphoenolpy-  
ruvate ( t r i -monocyc lohexylammonium salt), 1 ascorbic acid, 1 
NADH,  plus 1.4 U/ml pyruvate  kinase and 2.0 U/ml lactate de- 
bydrogenase ,  pH 7.0. The NaCI, KC1, and MgCIz were obtained 
from MCB Manufactur ing Chemis ts ,  Inc. ; all other  components  
were from Sigma. 

The tubules  were covered with oil to prevent  evaporation,  
and the ATP hydrolysis  reaction was initiated by placing the 
a luminium plate in a 37~ water  bath. After  a 30-min incubation 
period, the reaction was s topped by the addition of  15/xl of  0.1 N 
HC1 and cooling of  the a luminium plate. After  several  minutes ,  
20-/,1 aliquots were removed  from the wells and placed in 6 x 50 
mm test  tubes to which 750 /xl of  6 N NaOH was added. The 
tubes were immediate ly  and thoroughly mixed,  then incubated 
for 20 rain at 60~ removed,  and cooled to room temperature  in 
the dark. The resulting conver ted f lourescent  form of NAD was 
then quant i ta ted using a Turner  Model 430 Spectrofluorometer  
(excitation, 340 nm; emission,  460 nm). 

In order to determine the quanti ty of  ADP in a sample,  a 
s tandard curve was produced by adding various quantities of  
ADP (d i -monocyc lohexy lammonium salt, Sigma) to incubation 
media  in test  tubes  and treating these  samples in a manner  similar 
to that for the tubules.  The quanti ty of  ADP produced is directly 
related to the amoun t  of  ATP hydrolyzed,  and, therefore, the 
rate of  ADP appearance  can be used as an est imate of  the total 
ATPase  activity. The result ing ATPase  activities were expressed  
as pmol ADP per min incubation per m m  of  tubule length. 

The ouabain-sensi t ive  fraction of  the total ATPase  activity 
was used as an es t imate  of  the Na-K-ATPase  activity (O'Neil  & 
Dubinsky,  1984). Therefore,  for each study,  two tubules  were 
analyzed,  one as described above to obtain the total ATPase  
activity, and one in the additional presence of  maximally inhibit- 
ing doses  of  ouabain (0.1 or 1.0 mM, Sigma) to obtain the o u a -  

bain-insensit ive or Mg-ATPase  activity. The difference in activi- 
ties, i.e., the ouabain-sensi t ive  fraction, was used as an est imate 
of  the Na-K-ATPase  activity. 

S E R U M  A N D  U R I N E  A N A L Y S I S  

Just  prior to sacrificing an animal,  a blood sample was obtained 
by directly puncturing the ventricle using an 18-gauge hypoder-  
mic needle. The sample was allowed to clot for collection of the 
serum. Subsequent ly ,  immediately after sacrifice a sample of 
urine was collected directly from the bladder. Both samples were 
analyzed for Na + and K + content  on a Coming  Model 450 flame 
photometer .  

Some se rum samples  were stored ( -20~ for later evalua- 
tion of a ldosterone levels. Serum aldosterone concentrat ions 
were determined by a modified rad io immunoassay  procedure 
(New England Nuclear ,  Boston,  MA) and performed by the labo- 
ratory of  Dr. Merrill L. Overturf ,  Universi ty of  Texas  Medical 
School at Hous ton .  

S T A T I S T I C A L  A N A L Y S I S  

The results  of  the s tudy are summarized  as mean  values --+SEM. 
Differences between two groups were a s sessed  with the paired 
or unpaired t-test as appropriate.  If more  than two t reatment  
groups were considered,  differences among  mean  values were 
determined using the one-way analysis  of  variance in combina- 
tion with the Newman-Keu l s  test.  

Results 

SUPPRESSION 

OF E N D O G E N O U S  A L D O S T E R O N E  L E V E L S  

In initial studies, attempts were made to reduce the 
cortical collecting duct Na-K-ATPase activity to 
low basal levels by using diet to depress endoge- 
nous aldosterone levels. Animals were maintained 
on either a high Na § diet (high Na § group) or a high 
Na +, low K + diet (high Na +, low K + group) for one 
week, conditions known to depress plasma aldo- 
sterone levels in the rabbit (Schwartz & Burg, 1978), 
although the hormone levels were not measured in 
this first series of experiments.  The results are sum- 
marized in Table 1. In the control group of animals 
the ouabain-sensitive Na-K-ATPase activity and 
ouabain-insensitive Mg-ATPase activity of the cor- 
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tical collecting duct averaged 15.7 and 15.3 pmol 
ADP min -T mm -1, respectively. Neither the high 
Na + diet nor the high Na +, low K + diet significantly 
reduced the basal enzyme activities. 

E L E V A T I O N  

O F  E N D O G E N O U S  A L D O S T E R O N E  L E V E L S  

The influence of elevating the endogenous plasma 
aldosterone levels on the Na-K-ATPase of the corti- 
cal collecting duct was assessed using dietary ma- 
neuvers to stimulate aldosterone secretion. Animals 
were initially maintained on a high Na +, normal K + 
diet for one week. At the end of this period, the 
animal diet was switched to a low Na +, normal K + 
diet for up to 17 days. In order to both sodium and 
volume deplete the animals, and thereby insure 
stimulation of  aldosterone secretion by the adrenal 
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Fig.  1. Time course of the effects of  a low Na  +, normal K + diet 
on the serum aldosterone levels  of  rabbits. The number of deter- 
minations at each of the indicated time periods is given in brack- 
ets (n). *Significantly different ( P  < 0.05) from the control " 0  

day" treatment group 

glands, the animals were also injected with furo- 
semide on day 1 and day 4 of the low Na- ,  normal 
K + regimen, similar to that done by Schwartz and 
Burg (1978). 

The effect of the low Na +, normal K" diet on 
the serum aldosterone levels of the rabbit is shown 
in Fig. 1. At day 0, prior to switching to the low Na + 
regimen, the serum aldosterone levels averaged 
near 16 ng/dl. After 3 -4  days on the low Na" diet, 
the serum aldosterone levels were markedly in- 
creased, averaging near 70 ng/dl. The serum aldo- 
sterone levels continued to increase modestly with 
continued maintenance on this diet until after 2 
weeks when the aldosterone levels appear to un- 
dergo another marked stimulation. The reason for 
this latter stimulation is not known but may reflect a 
compensatory response to combined volume and 
sodium depletion as evidenced by a significant re- 
duction in the serum sodium concentration during 
this period (Table 2). 
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Fig.  2. Time course of the effects of  a low N a - ,  no rma l  K* diet 
on the Na-K-ATPase  activity of the cortical collecting duct. The 
sample s ize  is given in brackets (n). *Significantly different (P < 
0.05) from the control "0 day" treatment group 

Table 2. Influence of low Na +, normal K ~ diet on urine and serum electrolytes 

Low Na + diet Urine electrolytes 
treatment 

Time 
(days) 

Serum electrolytes 

n [Na +] [K +] [Na+]/[K +] n [Na +] IK +] [Na+]/[K +] 

(mM) (raM) (raM) (raM) 

(P 6 151 + 40 
3 - 4  5 18 b + I1 

6 - 9  6 2.8 b -+ 0.3 

I 1-13 7 4.7 b -+ 1.7 

15-17 6 3.8 b _+ 2.4 

65_+ 18 3.2 +- 1.1 3 146 + 3 5.9 +-(1.6 25 _+ 0.1 

148 b + 33 0.4 _+ 0.4 3 144 -+ 2 5.8 -+ 0.1 25 _+ 1 

184 + 54 0.05 b-+ 0.03 7 142 +- 2 6.2 -+ 0.1 24-+ I 
103 -+ 26 0.06 b -+ 0.02 4 152 -+ 2 6.4 -+ 0.2 24 _+ I 

78 -+ 14 0. P _+ (I.I 4 136 h _+ (1.3 5 .6-+  0.7 26 +_ 3 

" Animals were initially maintained on a high Na +, normal K + diet prior to switching to the low Na +, 

normal K + diet on day 1. 
Significantly different (p  < 0.05) from the 0 day, high Na + diet group. 
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After treatment with the low Na +, normal K ~ 
diet as noted above,  CCDs were isolated to deter- 
mine the effect of this regimen on the Na-K-ATPase 
activity. As shown in Fig. 2, the Na-K-ATPase ac- 
tivity of the CCDs averaged near 13 pmol ADP 
min-~ mm-~ at day 0 and increased to near 40 pmol 
ADP min -~ mm -~ after only 3-4 days on the low 
Na + regimen. Surprisingly, however ,  this activity 
was not sustained, but declined with continued ex- 
posure to this regimen, returning to near control 
levels after approximately two weeks. Because the 
serum aldosterone levels were markedly elevated at 
this point, it is evident that the Na-K-ATPase activ- 
ity of the CCD is not solely dependent upon this 
hormone,  but that other factors may play an impor- 
tant role in the regulation of this enzyme. 

While the reason for the decline in the Na-K- 
ATPase activity of the CCD with prolonged low 
Na+ diet treatment is not known, it may be related 
to a decline in sodium entry into the cells of the 
CCD. Considering only the urine sodium concentra- 
tion for the moment,  it is apparent from the data in 
Table 2, that the urine sodium concentration fell 
dramatically, as expected,  after only 3-4 days on 
the low Na § regimen. The Na § levels continued to 
fall and reached a minimal level of near 3 mM after 
6-9  days on this diet. This decline in the urine Na + 
levels precedes the decline in the aldosterone-stim- 
ulated Na-K-ATPase activity (Fig. 2). Furthermore,  
urinary K + concentrat ion was elevated after 3-4 
days (see Table 2) but returned to control levels 
with continued dietary t r ea tmen t - - even  though uri- 
nary volume was likely markedly reduced in these 
Na + (and volume) depleted animals--indicating 
that potassium secretion by the cortical collecting 
duct (and late distal tubule) was depressed. Because 
K + secretion is dependent  upon active Na + absorp- 
tion, the decline in K § excretion likely occurred as 
a secondary consequence of reduced sodium ab- 
sorption. It seems probable, therefore, that sodium 
delivery to the CCD in the whole animal was re- 
duced, which, in turn, may result in reduced entry 
of  sodium into the cell across the apical cell border. 
Hence,  a reduced rate of Na + entry may be respon- 
sible for the decline in the Na-K-ATPase activity 
(see below). 

EFFECT OF EXOGENOUS M1NERALOCORTICOIDS 

Elevation of exogenous plasma mineralocorticoid 
levels can cause an elevation in the Na-K-ATPase 
activity of CCD similar to that observed within a 
few days of elevation of endogenous plasma aldo- 
sterone levels. As shown in Fig. 3, if control group 
animals are treated with high doses of deoxycorti-  
costerone acetate (DOCA, 2 mg/kg/day, i.m.) for 3-  

4 days, the Na-K-ATPase activity of the CCD in- 
creases from 15.7 to 35.4 pmol ADP min -~ mm ~, 
which is similar to that observed upon elevation of 
endogenous aldosterone levels (compare with Fig. 
2). 

It has been shown recently that chronic altera- 
tions in potassium balance may significantly influ- 
ence the Na-K-ATPase levels in the CCD (Doucet 
& Katz,  1980; Garg, Mackie & Tisher, 1982). It 
follows that an alteration in potassium balance may 
itself influence the response to mineralocorticoids. 
Hence,  studies were performed to assess whether 
or not potassium depletion, a condition known to 
depress plasma K + levels (Table 3), may influence 
the effect of mineralocorticoids on the Na-K- 
ATPase activity of the CCD. 

If animals were maintained on a high Na +, low 
K- diet for one week and then treated with DOCA 
for 3 -4  days, an increase in the Na-K-ATPase ac- 
tivity was observed similar to that with animals 
maintained on a control diet (Fig. 3). This parallel- 
ism exists despite the fact that the plasma potas- 
sium concentrat ion is depressed from the normal 
levels of 5.2 mM to near 4 mM (Table 3). Therefore,  
the mineralocort icoid-dependent regulation of the 
Na-K-ATPase does not appear to be influenced by a 
negative potassium balance, at least not within the 
range studied. 

EFFECT OF AMILORIDE 

As noted above,  the effects of chronic mineralocor- 
ticoid elevation on the Na-K-ATPase of the CCD 
may be dependent  upon sodium entry into the cell 
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Fig. 3. The effect of deoxycorticosterone acetate (DOCA) treat- 
ment on the Na-K-ATPase activity of the cortical collecting duct 
in animals maintained on either a normal Na +, normal K* diet, or 
a high Na ~, low K- diet. Animals were maintained on the diets 
for at least 1 week prior to determination of the Na-K-ATPase 
activity. The sample size is given in brackets (n). *Significantly 
different (P < 0.05) from the corresponding control group 
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Table 3. Effect of DOCA, D E X A ,  a n d  amiloride treatment on ur ine  a n d  s e r u m  c l e c t r o l y l c s  in a n i m a l s  m a i n t a i n e d  on e i t he r  a n o r m a l  

N a  +. n o r m a l  K "  o r  a h igh N a  t , low K + diet  

Treatment Urine electrolytes 

n I N a ' ] ,  mM 

Serum e l e c t r o l y t e s  

IK+I,  mM [ N a ' I / I K ' I  n [ N a ] ,  mM I K ' ] ,  mM [ N a ' l / I K ' l  

A. N o r m a l  N a - ,  n o r m a l  K ~ diet 
Untreated, control l0 65 -+ I I 85 + 
DOCA, I day 4 10" -+ 4 175 + 

DOCA, 2 d a y s  6 53 + 27 131 _+ 

DOCA, 3-4  days 4 75 • 22 61 -+ 

DOCA, 12-15 days 4 13 ~' _+ 5 27 • 

B. H igh  N a  +, l ow K + diet 
Untreated, control 6 138 • 15 8.1 + 

DOCA, I day 6 71" -+ 24 84 _+ 

DOCA, 3 - 4  d a y s  [0 149 + 35 54" • 

DOCA + amiloride, 3 - 4  d a y s  12 192 -+ 20 8 .9  • 

Amiloride, 3 days 6 178 ~' _+ 9 18" _+ 

D E X A ,  3 d a y s  6 176 -+ 36 9 .9  +_ 

~' Significantly different (p  < 0.05)  

17 (I.94 • (t. 19 

59 0 .06 :~ • 0 .03 

51 (/.66 -+- 0 .22 

13 1.2 + 0.1 

12 0 .66 • 0.21 

7 143 .• 2 5.2 _+ 0.1 28 _+ I 

1.4 21 + 5 4 151 + I 3.7 + 0.1 41 + 2 

36 7.1 ~' • 3 .6  

12 5 . D  +- 2.5 5 150 + 2 4.5 + 0.5 35 • 4 

1.2 26 -+ 4 4 146 + 2 3.8 + 0 .6  42 +- 7 

3 12 -+ 2 6 143~'• I 4 .8  + 0 .6  32 • 4 

1.6 22 + 7 

from the untreated control g r o u p .  

across the luminal cell border. To study this notion 
more directly, the effects of the sodium channel 
blocker amiloride on the mineralocorticoid-depen- 
dent Na-K-ATPase activity were investigated. 
However,  since treatment of animals with ami- 
lor ide- -a  potassium-sparing diuretic--reduces po- 
tassium excretion, such treatment could effectively 
result in potassium loading, a condition known to 
cause an increase in the Na-K-ATPase activity of 
the CCD (Doucet & Katz, 1980; el-Mernissi & 
Doucet ,  1984).1 To negate such an indirect effect of 
amiloride treatment on the Na-K-ATPase activity, 
the studies were performed on animals that were 
maintained on a high Na +, low K + diet, thereby 
initially potassium depleting the animal as evi- 
denced by a reduction in the potassium plasma con- 
centration, but not affecting the response to miner- 
alocorticoids as demonstrated above.  

~ R e c e n t l y ,  el-Mernissi and Doucet (1984) reported that 
treatment of rats on a normal diet with low doses of amiloride for 
3 - 8  days can result in an increase in the Na-K-ATPase activity 
of the CCD. While the authors made no attempt to assess the 
origin of this response, it is apparent from their data that treat- 
ment with amiloride resulted in a small decrease in the net rate of 
potassium excretion by approximately 9% per d a y .  It c a n  be  

inferred from these data, that the animals were retaining p o t a s -  

s ium,  and hence effectively becoming potassium loaded, a condi- 
tion shown by Doucet and K a t z  (1981) to increase the N a - K -  

A T P a s e  activity of the CCD. The authors, for unknown reasons, 
chose not to address this p r o b l e m .  In the present study, a possi- 
ble potassium-loading effect of amitoride treatment was pur-  

p o s e d l y  a v o i d e d  b y  maintaining the animals on a low K + diet. 
Under these conditions, amiloride treatment for 3 -4  days had n o  
influence on the basal Na-K-ATPase activity of the CCD and, in 
addition, abolished the mineralocorticoid-induced elevation of 
the enzyme activity. 

Animals were maintained on a high Na ", low 
K* diet for at least one week prior to study. At the 
end of this period, the animals were treated for 3-4  
days with DOCA alone, with DOCA and amiloride, 
or with amiloride alone. As summarized in Fig. 4, 
DOCA treatment alone caused a significant eleva- 
tion in the Na-K-ATPase activity from 17.0 to 30.4 
pmol ADP min l mm-I. This effect of DOCA treat- 
ment on the Na-K-ATPase activity was significantly 
reduced with the simultaneous treatment with ami- 
loride. Further, since treatment with amiloride 
alone did not appear to affect the Na-K-ATPase 
activity of  the CCD, it can be inferred that sodium 
entry into the cells of the CCD plays a significant 
role in regulating the mineralocorticoid-induced Na- 
K-ATPase activity only. 

MINERALOCORTICOID v e r s u s  

GLUCOCORTICOID A C T I V I T Y  O F  D O C A  

The mineralocorticoid DOCA has significant gluco- 
corticoid activity. To ascertain whether the effects 
of DOCA treatment on the Na-K-ATPase of the 
CCD reflect mineralocorticoid or glucocorticoid ac- 
tivities, animals were maintained on a high Na +, 
low K + diet and either treated with a high dose of 
the glucocorticoid dexamethasone (0.5 mg/kg/day, 
i.m.) for 3 -4  days, or DOCA (2 mg/kg/day, i.m.) for 
the same time period. As shown in Fig. 4, the Na-K- 
ATPase activity of CCDs from animals treated with 
D E X A  averaged near 17 pmol ADP rain J mm 1 
and did not differ from the control values. There- 
fore, the effects of  DOCA treatment on the Na-K- 
ATPase activity of the CCD likely reflect the miner- 
alocorticoid activity of DOCA. 
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Fig. 4. The influence of  t reatment  with DOCA, dexamethasone  
(DEXA),  and/or amiloride for 3 -4  days on the Na-K-ATPase  of 
the cortical collecting duct.  In all cases ,  the animals  were main- 
tained on a high Na +, low K + diet. The sample size is given in 
brackets (n). *Significantly different (P < 0.05) from the un- 
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Fig. 5. Time course  of the effect of  DOCA treatment  on the Na- 
K-ATPase  activity of  the cortical collecting duct. The animals 
were maintained on either a normal Na t ,  normal K ~ diet or a 
high Na +, low K § diet. The sample size is given in brackets  (n), 
*Significantly different (P < 0.05) from the untreated control 
group (0 day) 

T I M E - D E P E N D E N T  E F F E C T S  

OF M I N E R A L O C O R T I C O I D S  

ON THE N a - K - A T P A s E  A C T I V I T Y  

To gain a better understanding of the role of miner- 
alocorticoids in regulating the Na-K-ATPase activ- 
ity of the CCD, the time-dependence of the hor- 
mone effects were studied. This was accomplished 
by evaluating the effects of DOCA treatment for 
varying periods of time on the Na-K-ATPase of the 
CCD. Since the effects of DOCA treatment in ani- 
mals maintained on a control diet were similar to 
those observed with a high Na +, low K + diet, the 
results were combined to better delineate the time- 
dependence of the mineralocorticoid effects. 

As shown by the data in Fig. 5, chronic eleva- 
tion in the plasma mineralocorticoid levels was ac- 
companied by a latent period of at least one day 
followed by an increase in the Na-K-ATPase activ- 
ity to a maximum plateau value of near 31 pmol 
ADP min-~ mm-l after approximately 3 days. Fur- 
ther, now that sodium delivery to the distal nephron 
was maintained at a higher level than when animals 
were exposed to the low sodium regimen (compare 
urine Na + levels, Tables 2 and 3), the Na-K-ATPase 
remained elevated with prolonged mineralocorti- 
coid treatment for up to two weeks. It would ap- 
pear, therefore, that in the presence of elevated 
Na + delivery to the CCD, and hence an elevated 
gradient for Na + entry into the cell, increased min- 
eralocorticoid levels result in a sustained elevation 
of the Na-K-ATPase activity of the cells. 

The notion that the effects of mineralocorticoid 
treatment on the Na-K-ATPase are secondary to an 
increase in sodium entry into the CCD cells is sup- 
ported also from the observed changes in the so- 
dium and potassium excretion patterns. Within one 
day of DOCA administration the urine sodium con- 
centration appears to be declining and the urine po- 

tassium concentration rising. This is particularly ap- 
parent from the decrease in the ratio of the sodium 
to potassium concentration ratio in animals main- 
tained on either the normal Na +, normal K + diet 
(Table 3A) or the high Na +, low K + diet (Table 3B). 
This response reflects an increased reabsorption of 
sodium and secretion of potassium by the nephron, 
due in part to the CCD, and occurs prior to any 
effect on the Na-K-ATPase activity (Fig. 5). 

Discussion 

R E L A T I O N  B E T W E E N  Na-K-ATPAsE A C T I V I T Y  

AND S O D I U M  T R A N S P O R T  IN C C D  

The mammalian cortical collecting tubule plays a 
major role in the regulation of sodium and potas- 
sium electrolyte balance by controlling sodium ab- 
sorption and potassium secretion by the epithelial 
cells. Since this segment is a target site for miner- 
alocorticoids (Kaissling, 1982; Katz, 1982; Marver 
& Kokko, 1983), aldosterone and other mineralo- 
corticoids are intimately involved in this regulation. 
It has been established that elevation of plasma min- 
eralocorticoid levels causes a stimulation in the 
ability of the CCD to absorb sodium and secrete 
potassium, while the converse is observed upon de- 
pression of these levels (Koeppen, Biagi & 
Giebisch, 1983; Natke & Stoner, 1982; O'Neil & 
Helman, 1977; Schwartz & Burg, 1978; Stokes, 
1981; Wingo, Seldin & Kokko, 1982). The underly- 
ing mechanism responsible for this regulation ap- 
pears to be related, in part, to the Na-K-ATPase 
levels of the cells. As shown previously (Garg et al., 
1981; Le Hiret  al., 1982; O'Neil & Dubinsky, 1984), 
and confirmed in the present study, chronic eleva- 
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tion of plasma mineralocorticoids for several days 
in animals with intact adrenal glands causes an in- 
crease in the Na-K-ATPase activity of the CCD. 

We were surprised to observe in the present 
study that attempts to reduce the Na-K-ATPase ac- 
tivity below the normal basal levels, using dietary 
measures to reduce the plasma aldosterone levels, 
were not successful. It is possible that exposure of 
the animals to these modified diets for only one 
week was not long enough to cause a sufficient and/ 
or rapid enough reduction in plasma aldosterone 
levels for a change in the Na-K-ATPase activity to 
be expressed. Indeed, Garg et al. (1982) have noted 
that reducing plasma aldosterone levels in rabbits 
by maintaining the animals on a low K diet for 8 
weeks does result in a reduction in the Na-K- 
ATPase levels of the CCD. Further, if more drastic 
measures are used to reduce plasma aldosterone 
levels, such as adrenalectomy, the Na-K-ATPase 
activity of the CCD is reduced after several days 
(Doucet & Katz, 1981). Hence, the prevailing evi- 
dence is consistent with the view that chronic alter- 
ations in plasma mineralocorticoid levels cause pro- 
portional changes in both the Na-K-ATPase activity 
of the cells and the capacity of the CCD to transport 
sodium and potassium. 

SODIUM-DEPENDENT ACTIONS 

OF MINERALOCORTICOIDS 

It is apparent from the results of the present study 
that the effects of mineralocorticoids on the CCD 
Na-K-ATPase are dependent upon sodium entry 
into the cell. If sodium entry is reduced or abol- 
ished, the effects of mineralocorticoids on the Na- 
K-ATPase activity are likewise reduced or abol- 
ished. This view is supported by three lines of 
evidence. First, when endogenous aldosterone lev- 
els are elevated by maintaining the animal on a low 
Na + diet, the Na-K-ATPase activity of the CCD is 
elevated within a few days. However, with contin- 
ued maintenance on this diet, sodium delivery to 
the collecting duct system, and hence sodium entry 
into the cells, appears to be markedly depressed. 
This is accompanied by a decline in the Na-K- 
ATPase activity of the CCD which returns to near 
control levels after approximately two weeks on 
this regimen (Fig. 2). Secondly, if sodium delivery 
to the collecting duct system is held at a relatively 
high level by maintaining the animals on either a 
normal Na + or high Na + diet, and the plasma miner- 
alocorticoid levels elevated by treatment with 
DOCA, the Na-K-ATPase activity of the CCD 
again increases, but shows no evidence of a decline 
after approximately two weeks (Fig. 5). Thirdly, if 
sodium entry into the CCD cells was reduced by 

treating the animals with the sodium channel 
blocker amiloride, the effects of DOCA on the Na- 
K-ATPase were markedly reduced (Fig. 4). ~ 

A final argument in support of the notion that 
the initial effect of mineralocorticoids is on the Na + 
permeability of the luminal cell membrane comes 
from consideration of the initial response of the tu- 
bule. It was observed that the effects of mineralo- 
corticoids on the Na-K-ATPase of the CCD were 
evident only after a latent period of approximately 
one day (Fig. 5). However, the sodium and potas- 
sium excretion patterns had already changed within 
the first day (Table 3), indicating that sodium ab- 
sorption and potassium secretion in the CCD and 
other distal nephron segments had already been al- 
tered, supposedly reflecting an increase in the ion 
permeabilities of the luminal cell membrane. This 
view was directly verified recently using microelec- 
trode techniques to quantitate the amiloride-sensi- 
tive sodium conductance of the luminal (apical) cell 
border of the rabbit CCD (Sansom & O'Neil, 1985). 
Within one day of elevating plasma mineralocorti- 
cold levels, the sodium conductance of the apical 
cell border had doubled. Considering these data col- 
lectively, it seems reasonable to conclude that the 
initial effect of mineralocorticoids in stimulating 
Na + transport is on the Na + permeability of the 
apical cell membrane, and that the effects of the 
hormone on the Na-K-ATPase activity are second- 
ary or delayed actions. 

The actions of mineralocorticoids in the mam- 
malian CCD appear to be similar to those observed 
in the toad urinary bladder where it is well known 
that sodium absorption is stimulated within 1-2 hr 
after exposure to the hormone (Civan & Hoffman, 
1971; Crabb6, 1963). This initial effect can be attrib- 
uted to an increase in the sodium conductance of 
the apical cell membrane (Civan & Hoffman, 1971; 
Palmer et al., 1982; Park & Edelman, 1982a; 
Spooner & Edelman, 1975) without an effect on the 
Na-K-ATPase activity (Hill, Cortas & Walser, 
1973; Park & Edelman, 1984b). However, using 
polyclonal antibody techniques, Geering et al. 
(1982) demonstrated that the synthesis of the two 
subunits of the Na-K-ATPase of this tissue was 
stimulated in the presence of mineralocorticoids, 
but only after a delay of 6 hr. These investigators 
also noted that the two subunits could be immuno- 
precipitated separately, even after 18 hr, indicating 
they were not likely packaged into a functional Na- 
K-ATPase enzyme at that point. Consequently, it 
would appear that any effect of mineralocorticoids 
on the Na-K-ATPase activity of the total urinary 
bladder would only be expressed after a latent pe- 
riod of many hours, such as observed in the CCD, 
long after the initial effect on the apical cell mem- 
brane sodium permeability. By analogy of the toad 
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urinary bladder, therefore, it seems most likely that 
tbe mineralocorticoid-induced increase in the Na- 
K-ATPase activity of the CCD reflects increased 
synthesis of the enzyme,  although other possibili- 
ties cannot be excluded. 

SITE O[: SODIUM-DEPENDENT MODULA IION 

or- Na-K-ATPAsIr AcluvITY 

As noted above,  reduction of sodium entry into the 
CCD cells abolished the mineralocorticoid-induced 
increase in the Na-K-ATPase activity. This may be 
a common phenomenon in all aldosterone-sensitive 
epithelia since Handler  and coworkers (1981) have 
also noted that aldosterone treatment of a toad kid- 
ney cell line (A6 cells) for 18 hr caused an increase 
in the number of Na + pump sites (ouabain-binding 
sites), which was abolished by blocking sodium en- 
try into the cell with amiloride. Most importantly, 
Geering et al. (1982) noted that, while aldosterone 
treatment of toad bladder cells stimulated the rate 
of synthesis of the Na-K-ATPase subunits, the re- 
sponse was not influenced by blocking sodium entry 
into the cells with amiloride. It can be inferred from 
these studies, that Na + entry must regulate a post- 
translational process.  Explicitly, sodium entry must 
act as a positive modulator  of a posttranslational 
process which regulates the expression of the en- 
zyme as a functional Na-K-ATPase molecule at the 
basolateral membrane.  

The notion of  a sodium-dependent modulation 
of a posttranslational process in regulating the min- 
eralocorticoid-induced stimulation of Na-K- 
ATPase activity is also apparent in studies of the 
CCD from adrenalectomized animals. In mam- 
mals, the Na-K-ATPase activity of  the CCD de- 
clines to relatively low levels over  several days af- 
ter adrenalectomy (Doucet & Katz, 1981). It has 
been shown by some laboratories (Horster  et al., 
1980; Petty et al., 1981; el-Mernissi & Doucet, 
1983), but not by others (Doucet & Katz, 1981), that 
if plasma aldosterone levels are now elevated, the 
Na-K-ATPase activity of the CCD is rapidly re- 
stored to near control values within I to 3 hr. Such a 
rapid recovery,  if it occurs,  is in marked contrast to 
the slow rate of  stimulation of  activity observed in 
animals with intact adrenal glands as reported in the 
present study. In view of the usual latent periods for 
mineralocorticoid-induced synthesis and expres- 
sion of  the Na-K-ATPase as noted above, and since 
the usual turnover of this enzyme is on the order of 
days (Jorgensen, 1972; Lo & Edelman, I976), this 
rapid increase in the Na-K-ATPase activity in adre- 
nalectomized animals likely does not reflect in- 
creased synthesis of the enzyme.  That is, it most 
likely reflects regulation of a posttranslational pro- 

c e s s - - e n z y m e  subunit assembly, glycosylation, ac- 
tivation of  latent pump sites, exocytosis ,  etc. Fur- 
thermore,  this rapid mineralocorticoid-induced 
elevation in the Na-K-ATPase activity of CCD from 
adrenalectomized animals was shown by Petty et al. 
(1981) to be abolished by treatment with amiloride. 
This effect again points to Na+-dependent regula- 
tion of  a posttranslational process as previously 
suggested by Marver and Kokko (1983) for the adre- 
nalectomized animal. It is probable, therefore, that 
there is a common Na+-dependent posttransitional 
process modulating both acute and chronic miner- 
alocorticoid-induced alteration in the Na-K-ATPase 
activity, at least for the CCD. 

There is increasing evidence that if Na + entry 
into cells acts as a positive modulator of the Na-K- 
ATPase activity, it exerts this control on the miner- 
alocorticoid-induced fraction of the Na-K-ATPase 
only. In the present study, for  example, it was 
noted that amiloride treatment had no influence on 
the Na-K-ATPase activity of the CCD from animals 
not stimulated with mineralocorticoids.~ Further,  in 
animals maintained on a low Na diet, there was an 
initial stimulation in the Na-K-ATPase activity, 
which was slowly abated, returning to, but not be- 
low, its initial basal levels after approximately two 
weeks on this regimen. This supposedly occurred as 
a result of reduction in sodium entry into the cells of 
the CCD. Likewise,  amiloride did not affect the ba- 
sal Na-K-ATPase activity in CCD from adrenalec- 
tomized rabbits (Petty et al., 1981), the basal num- 
ber of Na + pumps in the toad kidney cell line 
(Handier et al., 1982), or the basal rate of  synthesis 
of the Na-K-ATPase  subunits (Geering et al., 1982). 
It can be inferred from these data that under the 
normal control conditions, sodium entry into the 
cell likely does not exert ,  either directly or indi- 
rectly, any influence on the synthesis or post- 
translational processing of the Na-K-ATPase mole- 
cule. The sodium-dependent modulation of the 
Na-K-ATPase must therefore reflect regulation of a 
mineralocorticoid-induced posttranslational pro- 
cess only. 

The lack of  an effect of  reducing Na + entry on 
the basal Na-K-ATPase activity is not to imply that 
an increase in sodium entry into the cell, and hence 
the sodium load to the pump, may not, in and of 
itself, bring into play regulatory processes that in- 
crease the synthesis and/or posttranslational pro- 
cessing of  the Na-K-ATPase.  Indeed, as shown for 
the H e L a  cells, elevation of intracellular sodium 
results in an increase in the number of  sodium 
pumps in the plasma membrane within several 
hours (Boardman et al., 1974; Pollack, Tate & 
Cook, 1981). Whether  an increase in the intracellu- 
lar sodium concentrat ion of  the CCD results in a 
similar elevation in the number of functional sodium 
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pumps remains to be assessed directly for this tis- 
sue. 

Finally, there is increasing evidence that the 
final step in insertion of a functional Na-K-ATPase 
enzyme into the plasma membrane may involve an 
exocytic process. It was noted for HeLa cells that 
insertion of the Na-K-ATPase likely occurs via an 
exocytic process, while removal of the enzyme 
likely occurs via an endocytic process (Cook, Tate 
& Shaffer, 1982). For the CCD, it has been ob- 
served that upon chronic mineralocorticoid stimula- 
tion of the Na-K-ATPase activity, the basolateral 
membrane area of the principal cell increases in 
equal proportion (approximately twofold) to the in- 
crease in Na-K-ATPase activity (Wade et al., 1979; 
Rastegar et al., 1980; Stanton et al., 1981; Kaissling 
& Le Hir, 1982; Stanton, 1985). These parallel 
changes likely reflect simultaneous addition of both 
enzyme and membrane, thereby implicating an ex- 
ocytic process in the insertion of the Na-K-ATPase 
molecule into the plasma membrane. 

If a functional Na-K-ATPase molecule is in- 
serted into the plasma membrane via an exocytic 
process, this final step may be a candidate for so- 
dium-dependent modulation of the Na-K-ATPase 
activity. Support for this view was obtained from 
the demonstration that some exocytic processes, 
such as amylase release by the pancreatic acinar 
cells, are modulated by Na + entry into the cells 
(Williams, 1975; Kanno, Saito & Sato, 1977). This 
Na+-dependent modulation does not appear to be a 
direct effect of Na +, but rather an indirect action of 
Na + entry via is effects on intracellular calcium lev- 
els, which in turn is thought to be the second mes- 
senger influencing the exocytic process (Cochrane 
e ta l . ,  1975; Poulsen & Williams, 1977). Hence, if 
the Na-K-ATPase is inserted into the plasma mem- 
brane by an exocytic mechanism, it could under[y 
the Na*~dependent modulation of the Na-K- 
ATPase activity observed in the present study, al- 
though other possibilities are viable. It remains for 
future studies to evaluate directly the role of sodium 
entry into the cell on exocytic insertion of the Na- 
K-ATPase into the basolateral membrane of the re- 
nal tubule, 
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