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Dietary Modulation of Active Potassium Secretion in the
Cortical Collecting Tubule of Adrenalectomized Rabbits

CHARLESS. WINGO, DONALDW. SELDIN, JUHA P. KOKKO, and
HARRYR. JACOBSON, University of Texas Health Science Center, at Dallas,
Southwestern Medical School, Dallas, Texas 75235

A B S T R A C T Addisonian patients can maintain po-
tassium homeostasis despite the absence of mineralo-
corticoid. The present in vitro microperfusion studies
examine what role the cortical collecting tubule might
play in this process. All studies were performed on
tubules harvested from adrenalectomized rabbits,
which were maintained on 0.15 MNaCl drinking wa-
ter and dexamethasone 50 Ag/d. Perfusion and bath
solutions were symmetrical Ringer's bicarbonate with
[K] of 5 meq/liter. Initial studies on cortical collecting
tubules from adrenalectomized animals ingesting a
high potassium chow (9 meq K/kg body wt) demon-
strated net potassium secretion against an electro-
chemical gradient (mean collected fluid [K] 16.5±2.6
meq/liter with an observed transepithelial voltage of
-6.3±4.1 mV; predicted voltage for passive distribu-
tion of potassium being -28.2 mV). To examine
whether this active potassium secretion could be mod-
ulated by dietary potassium, independent of miner-
alocorticoid, two diets identical in all respects except
for potassium content were formulated. Potassium se-
cretion was compared in cortical collecting tubules
harvested from adrenalectomized animals on low (0.1
meq K) and high (10 meq K) potassium intake.

Mean net potassium secretion by cortical collecting
tubules was 2.02±0.54 peq mm-' min-' in the low
potassium diet group and 5.34±.74 peq * mm-' * min-'
in the high potassium group. The mean transepithelial
voltages of the collecting tubules did not differ be-
tween the two dietary groups. While net Na reab-
sorption was significantly greater in tubules from the
high K group, this could not account for the differences
in K secretion. These data demonstrate that: (a) the
cortical collecting tubule can actively secrete potas-
sium and that the magnitude of this potassium secre-
tion correlates with potassium intake; (b) this active

Received for publication 10 December 1981 and in re-
vised form 30 April 1982.

potassium secretory process is independent of miner-
alocorticoid. These findings support the hypothesis
that the cortical collecting tubule may contribute to
K homeostasis in Addison's disease.

INTRODUCTION

Administration of mineralocorticoids produces a kal-
iuresis when sodium intake is not restricted (1, 2). Sim-
ilarly, disease states associated with excess endogenous
adrenocortical steroids are associated with large
amounts of potassium in the urine and hypokalemia.
In contrast, selective mineralocorticoid deficiency and
generalized adrenocortical-deficient states such as Ad-
dison's disease frequently result in some degree of hy-
perkalemia. However, although mild hyperkalemia is
common in the Addisonian, severe hyperkalemia is
rare in the absence of cardiovascular collapse (3).
Moreover, potassium homeostasis is preserved in ad-
renocortical insufficiency, as judged by stable serum
potassium levels, and renal potassium excretion, which
appears comparable to normal (4, 5).

These findings suggest that the kidney is capable of
regulating potassium excretion independent of miner-
alocorticoids. The following statements are generally
accepted: (a) Renal potassium excretion is the principle
determinant of potassium homeostasis when glomer-
ular filtration rate is not significantly less than normal
(6); (b) Renal potassium excretion is primarily deter-
mined by distal nephron potassium secretion (7, 8);
(c) A significant portion of distal potassium secretion
occurs in the cortical collecting tubule (9); (d) The
cortical collecting tubule is a target epithelium for
mineralocorticoids (9-11); (e) Potassium secretory flux
measured in vitro in this segment is increased by in-
creasing in vivo mineralocorticoid levels chronically
(12-14); (f ) Active potassium secretion has been dem-
onstrated in the cortical collecting tubule of normal
rabbits (15-17). In view of these preceding observa-
tions, we wished to determine first, whether potassium
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secretion occurs in this nephron segment in the absence
of mineralocorticoid; second, whether this potassium
secretion is an active process; third, if a mineralocor-
ticoid independent potassium secretory process is pres-
ent, is it responsive to dietary potassium intake; and
fourth, to determine what factors, independent of
mineralocorticoid, may modulate potassium secretion.

METHODS
Two groups of experiments were conducted. In both, female
New Zealand White rabbits that weighed between 1 and 2
kg were used. These animals underwent bilateral adrenal-
ectomy at least 7 (protocol I) or 14 (protocol II) d before
experimentation and were maintained on 0.15 M sodium
chloride drinking water and 50 ug/d dexamethasone until
experimentation. Care was taken at time of adrenalectomy
to search for ectopic adrenal tissue and remove it when such
was found. This occurred infrequently and in no animal in
our study.

In the first group of experiments (protocol I) rabbits were
fed a high potassium diet (Wayne 15% rabbit ration, Allied
Mills, Inc., Chicago, IL, 351 meq K/kg diet). The measured
consumption of this diet was 25-30 g/kg rabbit body weight
for an average potassium ingestion of 9.3 meq/kg per d.
Animals consumed this diet for at least 4 d before and 7 d
after adrenalectomy. At the time of experimentation arterial
ear blood was obtained for plasma sodium and potassium.
Aldosterone and corticosterone levels were measured from
blood from the transected neck. (These were performed as
radioimmunoassays by Dr. William Campbell, Department
of Clinical Pharmacology, University of Texas Health Sci-
ence Center, Dallas).

In the second group of experiments (protocol II) rabbits
were fed one of three synthetic diets containing low, normal,
and high amounts of potassium (diets prepared by ICN Nu-
tritional Biochemicals, Cleveland, OH). The electrolyte com-
position of the diets is shown in Table I. All diets had es-
sentially identical amounts of sodium, calcium, phosphorus,
and magnesium. All rabbits were fed the normal potassium
diet for 7 d before adrenalectomy. No tubules were studied
from rabbits on the normal potassium diet. The 7-d pread-
renalectomy period had two purposes: (a) to have the rabbits
enter the study with similar dietary backgrounds; (b) to allow
the rabbits time for adjusting to the taste and consistency
of the synthetic diet. Welearned that without such a pread-
renalectomy exposure to the synthetic diet some rabbits
would not eat well in the postoperative period. After surgery

TABLE I
Electt'olyte Composition of Synthetic Potassium Diet

for Protocol II

Low K Normal K High K

mmol/100 g diet

K 0.31 3.41 30.11
Na 5.25 5.30 5.28
Ca 13.31 12.28 12.11
P04 8.85 7.78 8.89
Mg 1.96 1.95 2.08
Cl 1.00 1.30 25.33

the animals were divided into two groups that were treated
identically except for the diet they were fed. Rabbits were
housed in metabolic cages and food consumption and urine
output were quantified. Rabbits on the low potassium diet
had an average intake of 32 g/d of the low potassium feed
for an average potassium ingestion of 0.10 meq/d, whereas
the average intake on the high potassium diet was 34 g/d
for an average potassium ingestion of 10.2 meq/d. Potassium
determinations were made on a 24-h urine collection ob-
tained the day before experimentation and on arterial ear
blood, muscle, and kidney cortex at the time of sacrifice.
Urine and blood [K] were measured using standard flame
photometry. Muscle and kidney K content were measured
as described by Knochel and Schlein (18) and expressed as
milliequivalent per 100 g fat-free dry solids. Arterial pH was
also measured using a Corning pH/blood gas machine
(model 165, Corning Medical, Corning Glass Works, Me-
difield, MA). Plasma mineralocorticoid levels were deter-
mined as previously described using plasma obtained at
death.

Segments of rabbit cortical collecting tubules were isolated
and perfu4ed in vitro as originally described by Burg et al.
(19). Briefly, rabbits were decapitated, one kidney quickly
removed, and 1-2-mm thick coronal slices were placed in
a chilled petri dish containing an artificial ultrafiltrate of
plasma. Concentrations in millimolar were sodium 145, po-
tassium 5, chloride 112, HCO325, calcium 1.8, P04 2.3, Mg
1.0, SO4 1.0, acetate 10, glucose 8, and alanine 5. The dis-
section, bath, and perfusion solutions were identical except
that to both the dissection and bath solutions 1-5% vol/vol
fetal calf solution was added. Results using varying amounts
of fetal calf serum did not differ and were thus pooled. The
perfusate contained 50 MCi ml-' of [methoxy-3H] inulin, ex-
haustively dialyzed according to Schafer et al. (20). All solu-
tions were gassed to pH 7.4 with a 95% 02, 5% CO2mixture.

Care was taken to start dissection at the corticomedullary
junction and to continue dissection superficially until a
branch point was identified. Tubules were cut just distal to
the branch point and just proximal to the corticomedullary
junction and were transferred to a thermostatically con-
trolled perfusion chamber. The two ends of the tubule seg-
ment were sucked into holding pipettes and sealed into place
by an elastomeric silicone resin, Sylgard 184 (Dow Corning
Corp., Midland, MI), which had been placed into the tips
of the holding pipettes. The perfusion pipette, which had
been centered in one of the holding pipettes, was advanced
-100-200 Am beyond the holding pipette and the tubule

perfused between 1-3 nl min-' by adjusting the height of
a water column attached to the rear of the perfusion pipette.
This pipette also served as an intraluminal electrode because
it was connected, via a Ringer's bicarbonate-agarose bridge,
to a calomel electrode. To complete the electrical circuit and
allow measurement of transepithelial voltage (VT), the bath
fluid in the perfusion chamber was also connected to a cal-
omel electrode via an identical agarose bridge. The circuit
used to measure transepithelial voltage has been dia-
grammed (21). It was possible in all tubules to distinguish
the superficial and juxtamedullary ends of the tubule, and
in all but five experiments (three in protocol I and two in
protocol II) it was possible to perfuse the tubules in an an-
tegrade manner. All tubules were perfused at 37±0.5°C and
were allowed to equilibrate for at least 60 min. Perfusate
which had coursed through the tubules was collected under
water-equilibrated mineral oil and sampled at time intervals
using a constant volume pipette. Bath fluid continuously
flowed through the perfusion chamber at 0.64 cm3 min-'.

Volume reabsorption was measured by timed collections
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of perfused fluid via a constant volume pipette, and was
calculated as J, = (cpmo/cpmi - 1) VO/L where J, equals net
volume reabsorption in nl mm-' min-', cpmo and cpmj are
the [3H] inulin counts per minute in the collected and per-
fused fluid, respectively, Vo is the collected fluid flow rate,
and L is the perfused tubule length. In all experiments UJ]
was <0.05 nl mm-' min-'.

Three to six timed samples for net potassium and sodium
flux measurements were obtained, using a calibrated con-
stant volume pipette. The contents of this pipette were quan-
titatively transferred to a diluent cuvette into which a pre-
cisely measured amount of diluent containing 30 mMCsNO3
(density grade, Gallard-Sclesinger Chemical Mfg. Corp.,
Carle Place, NY) and 5 mMNH4 H2PO4 had been placed
under water-equilibrated mineral oil. Sample determina-
tions were made using a Helium glow photometer (Aminco,
Silver Springs, MD). Each sample was run at least in trip-
licate. Perfusate [K] was also measured by helium glow pho-
tometry. Again, at least three samples of perfusate were run
at least in triplicate. Net potassium flux, JK in pmoles mm-'
min-' was calculated as follows: JK = ([K]i - [K]O) Vo/L where
[K]l and [K]0 are concentrations of potassium in the perfused
and effluent fluid, Vi is perfusion rate, and Vo and L are as
defined before. Sodium flux was calculated in a similar man-
ner. The response of the helium-glow photometer was linear
throughout a 1,200-mV range for Na (0-150 mM) and a
1,000-mV range for K (0-25 mM). Respective slopes for Na
and K were 8 mV/mMNa and 40 mV/mMK. The mean
variation in identical samples (perfusates) was within 3%.

Statistical analyses were performed using Student's t test
or linear regression model, as appropriate. The null hypoth-
esis was rejected at a 0.05-level of significance.

RESULTS

Plasma measurements-protocol I. Table II lists
the plasma sodium, potassium, and aldosterone levels
in the rabbits. All animals were slightly hyponatremic
with a mean plasma [Na] of 129 mM. In addition, al-
though all animals were hyperkalemic, the highest

TABLE II
Rabbit Plasma Measurements

Experiment Na K Aldosterone"

meq/liter neq/liter ng/dl

1 126 6.1 NDt
2 128 6.1 ND
3 129 5.5 ND
4 131 5.1 4
5 131 5.1 ND
6 127 5.3 1
7 129 5.3 ND
8 131 5.1 ND
9 132 6.3 ND

Mean±SEM 129±.69 5.5±.16 ND

Normal values for this assay > 15 ng/dl.
I ND = Not detectable.

plasma potassium was 6.3 mMwith a mean [K] of 5.5
mM. Plasma aldosterone levels were undetectable in
all but two animals and in these two it was well below
the normal range. All of these animals had undetect-
able plasma corticosterone levels. Plasma from normal
animals, obtained at the same time and treated in an
identical manner was submitted for analysis in a
blinded manner to Dr. William Campbell's laboratory.
The mean plasma corticosterone level in five normal
rabbits was 2,034±681 (SD) mg/dl. Plasma corticoste-
rone levels were also determined for the animals in
protocol II. None had detectable corticosterone levels.
The data provide good evidence for adequacy of ad-
renalectomy in these animals.

Microperfusion potassium flux data-protocol I.
Listed in Table III are the results of the potassium flux

TABLE III
Results of Potassium Flux Studies in Cortical Collecting Tubules

Experiment [K)n [KJout K Flux Vrt VT

rmq/liter neqlliter peq/mm/min mV mV

1 4.8 12.3 -6.4 -25.1 -4.7
2 4.0 7.6 -2.8 -17.1 2.3
3 7.1 12.5 -1.6 -15.1 0.1
4 5.5 14.1 -3.8 -25.1 8.0
5 5.4 21.6 -8.4 -37.0 -22.5
6 6.4 16.6 -5.3 -25.5 -13.5
7 4.1 16.5 -5.3 -37.2 -0.3
8 5.8 34.1 -9.8 -47.3 -27.8
9 5.0 12.6 -4.9 -24.7 2.0

Mean±SEM 5.3±0.3 16.5±2.5 -5.37±.86 -28.2±2.2 -6.3±4.1

Negative sign denotes net secretion.
I Calculated voltage required to account for K distribution on a wholly passive basis.
§ Observed voltages.
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studies. This table lists the mean data for each tubule.
In each experiment there is a rise in [K] of collected
fluid over the [K] in the perfused fluid. Hence, there
is net secretion of potassium denoted by Jk < 0 in each
experiment. When potassium secretion is plotted vs.
the observed transepithelial voltage for each experi-
mental period, Fig. 1, there is a correlation of these
two variables with potassium secretion increasing with
lumen negativity. There was net potassium secretion,
however, even when the transepithelial voltage was
lumen positive. Under this condition net potassium
movement was against its electrochemical gradient.

In those instances in which the transepithelial volt-
age was negative it is necessary to consider whether
the observed transepithelial voltage is sufficient to ex-
plain the observed rise in potassium concentration
along the tubule. To evaluate this question we plotted
in Fig. 2 the ratio of collected fluid to bath K concen-
tration, [KLout/[Klbath vs. transepithelial voltage. Again,
as in Fig. 1, the data for individual collections are
plotted. The solid line is that of diffusion equilibrium
described by the Nernst equation. The points are the
observed data from these nine experiments. Wehave
plotted every individual collection period separately
to demonstrate that each datum is displaced well above
the Nernst equation. This shows that potassium is not
simply distributed passively across the epithelium.

Estimates of the passive contribution to K flux by
three different methods are provided in Table IV. The
largest estimate of passive flux (26% of total observed
net K secretion) was obtained using the difference be-
tween lumen and bath K concentrations predicted by
the Nernst equation. Using the Goldman equation:
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FIGURE 2 Plotted in this figure is the ratio of K concentra-
tions in collected fluid ([Kiout) and bath fluid ([K]tb5h) against
the observed transepithelial voltage. Data are from cortical
collecting tubules from adrenalectomized rabbits in protocol
I. All [K]out/[Klbath fall above the solid black line, which rep-
resents the calculated relationship between [KL]US/[K]b.sh and
the transepithelial voltage using the Nernst equation. Each
point represents a single collection period.

zF [K]l - [K, . e-VTF/RT
JK -P'VT' z/T 3

RT 1 - e-v1F/RT

where z, F, R, T have their usual meaning and where
P refers to K permeability, VT to observed voltage, and
[K]1 and [K]b to lumen and bath K concentrations, lower
estimates of passive K secretion are obtained. In mak-
ing these calculations, we used K permeability mea-
surements from Stoner et al. (16) and Stokes (17). Cal-

TABLE IV
Comparisons of Observed Potassium Flux to Three Different

Estimates of Passive Potassium Fluxes

Calculated K flux
Observed K

Experiment flux Nernst Goldmant Goldman§

1 -6.4
2 -2.8
3 -1.6
4 -3.8
5 -8.4
6 -5.3
7 -5.3
8 -9.8
9 -4.9

0 -10 -20 -30
vobs (mv)

FIGURE 1 Net K secretion in cortical collecting tubules from
adrenalectomized rabbits in protocol I is plotted against the
observed transepithelial voltage (VTobs). A highly significant
relationship is observed with K secretion increasing as V.robs
is more negative. r = 0.80.

-0.8
+0.3

0.0
+0.6
-3.8
-2.8
-0.2
-3.9
-0.2

-0.3
0.1
0.0
0.6

-1.7
-1.2
-0
-2.3
+0.1

0.7
0.7
0.9
2.1

-0.4
-0.2

1.5
-0.5

1.3

Mean±SEM -5.37±0.86 -1.43±0.31 -0.52±0.33 0.68±0.29

o Negative sign denotes net secretion; positive values denote net
reabsorption.
t Calculated K flux ignoring the [K] gradient that develops between
lumen and bath.
§ Calculated using the log mean concentration gradient between
lumen and bath.
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culations were made both ignoring and taking into
account the rise in luminal K concentration that occurs
in net K secretion. It should be noted that the per-
meability coefficients used, 1-1.06 X 10- cm * s-' (16,
17) were obtained using cortical collecting tubules
from normal rabbits.

Our calculations are thus consistent with the notion
that K transport in these cortical collecting tubules is
not mainly attributable to passive, voltage induced K
distribution. Accordingly, we label this K transport as
active. In so doing, we use the general definition of
active transport as a process in which the movement
of an ion across an epithelium cannot be solely ac-
counted for by the laws of simple ionic diffusion across
single membranes.

Plasma and urine measurements-protocol II. The
mean arterial pH for the high potassium (7.31±.07)
and low potassium (7.28±.04) group were not signif-
icantly different. Plasma potassium and urinary po-
tassium excretion were greater in the high potassium
dietary group than in the low potassium group (Fig.
3). Likewise, muscle and kidney cortex potassium con-
tent was greater in the high potassium group than in
the low potassium group (Fig. 3).

Microperfusion data-protocol II. Eight cortical
collecting tubules from high K rabbits and seven cor-
tical collecting tubules from low K rabbits were stud-
ied. In most of the tubules (5 high K and 6 low K) two
sets of three collections for Na and K were obtained.
One set was obtained -1-2 h after perfusion was ini-
tiated and another obtained about 3-4 h after initiation
of perfusion. Early and late results were not signifi-
cantly different. Comparison of the mean transepithe-
lial voltage and potassium secretion are given in Fig.
4. The mean transepithelial voltages of cortical col-
lecting tubules from rabbits on the high potassium and
low potassium diets were not significantly different
(+2.1±1.3 mVvs. +2.6±2.3 mV, respectively). How-

8 r

0

10 r
p<.O1

zi
0

E

Plasma

50 r
p'.01

0..0

LaLL
E

_O25
0

E

Urine

p<.Ol p<.05

IIM - ch KI

FIGURE 3 Plasma urine and tissue K are plotted for adren-
alectomized rabbits in protocol II. Data from animals on a
low K diet are depicted by open bars and data from animals
on a high K diet are depicted by solid bars.
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FIGURE 4 Plotted here are the mean transepithelial voltages
and net K secretion in cortical collecting tubules from ad-
renalectomized rabbits in protocol II. Values for tubules ob-
tained from animals on low (n = 7) and high (n = 8) K diets
are depicted in open and closed bars, respectively.

ever, potassium secretion by tubules from the high
potassium diet group was more than twice that of the
low potassium group (2.02±0.54 vs. 5.34±0.74 peq
mm-l min-'). This difference is significant. However,
examination of the mean group differences obscures
the effect of transepithelial voltage on potassium se-
cretion. As shown in Fig. 5, both groups of tubules
demonstrated a significant relation between voltage
and K secretion. However, for any given transepithe-
lial voltage there was significantly more potassium se-
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FIGURE 5 The relationship between transepithelial voltage
and K secretion is plotted for cortical collecting tubules from
adrenalectomized rabbits in protocol II. Data from low K
rabbits (JK = 2.7 - 0.16 VT) are depicted by solid squares
while data from high K rabbits (JK = 6.3 - 0.32 VT) are de-
picted by solid circles. In tubules from rabbits on both diets
there was a significant correlation between voltage and K
secretion. Each point represents the mean of three collec-
tions. In most tubules of each group two sets of three col-
lections were taken: an early set (1-2 h after initiation of
perfusion) and a late set (3-4 h after perfusion).
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cretion in the high potassium group than in the low
potassium group. Thus the difference in potassium se-
cretion between the two groups cannot be attributed
to a difference in transepithelial voltage.

To examine other factors that may affect potassium
secretion we plotted the relation between potassium
secretion and sodium reabsorption (Fig. 6). There is
a significant correlation of potassium secretion and
sodium reabsorption. In this figure collection periods
during measurement of lumen positive voltage are rep-
resented by closed symbols, whereas collections made
during measurement of lumen negative voltage are
represented by open symbols. It is of interest that the
only significant overlap in net K secretion by these
tubules occurred in those four instances (two tubules)
where low K tubules exhibited significant lumen nega-
tive voltage.

DISCUSSION

To assess the mineralocorticoid requirement (or lack
of it) in cortical collecting tubule adaptation to K load-
ing, we elected to study tubules harvested from ad-
renalectomized rabbits. Our experiments add two fun-
damental observations to the existing knowledge con-
cerning K adaptation in cortical collecting tubules:
(a) The cortical collecting tubule, a well accepted tar-
get epithelium for aldosterone, demonstrates active
secretion of K in the absence of mineralocorticoids;
(b) This active K secretion responds appropriately to
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FIGURE 6 Net K secretion is plotted against net Na reab-
sorption in cortical collecting tubules from adrenalectomized
rabbits in protocol II. Data from tubules from low (, VT
lumen positive; O VT lumen negative) and high K (0, VT
lumen positive; 0, VT lumen negative) diet groups are de-
picted. Open symbols refer to flux data when transepithelial
voltage was lumen negative, while closed symbols refer to
data obtained when transepithelial voltage was lumen pos-
itive. As in Fig. 5, each point represents the mean of three
collections. JK = 2.42 + 0.327 JNa. r = 0.61. P < 0.001.

TABLE V
Comparison of Na and K Fluxes in Rabbit CCT

from Various Studies

Study JN& JK VT

pmol- mm-'* min-' mV

O'Neil and Helman (13)
Normal 16.4 -2.8 -8.5
DOCA, 3-6 d 23.6 -6.6 -12.4
DOCA, 11-18 d 38.0 -18.8 -58.2
DOCA, 23-31 d 29.2 -23.9 -29.2

Schwartz and Burg (12)
Normal 34.2 -13.8 -16
DOCA, 10-15 d 92.4 -52.8 -46
Low Na diet 52.8 -18.6 -38
Low K, high Na diet 13.8 -3.6 -15

Fine et al. (24)
Normal diet - -7.6 -13
High K diet - -19.6 -29

Stokes et al. (14)
Normal 23 -15 -20.8
DOCA, 1-6 d 54 -43 -42.9

Present studies
Adx rabbits

High K diet 6.2 -5.3 +2.1
Low K diet 3.8 -2.0 +2.6

dietary K intake. Our observation, that K secretion in
cortical collecting tubules from adrenalectomized rab-
bits cannot be accounted for by the laws of simple
ionic diffusion across single membranes, is not differ-
ent from observations in tubules from animals with
intact adrenals (15-17). Wewould like to stress, how-
ever, that our data does not exclude a role for miner-
alocorticoids in augmenting the potassium secretory
capacity of the cortical collecting tubule in response
to potassium loads. Indeed, maneuvers that increase
endogenous mineralocorticoid chronically or the chro-
nic administration of 11-deoxycorticosterone acetate
(DOCA) result in augmented potassium secretion in
the cortical collecting tubule perfused in vitro (12-14)
and Table V. Therefore, whether all or only part of
the potassium secretory response to K loading occurs
in the absence of mineralocorticoids will require fur-
ther examination. It does appear, though, that potas-
sium secretion over a considerable range can occur in
the absence of mineralocorticoid. These findings cor-
relate well with the clinical observation that severe
hyperkalemia is rare in the Addisonian (3) and that
potassium tolerance, at least for moderate potassium
loads, is well preserved in adrenal insufficiency (4, 5).

Potassium transport in the cortical collecting tubule
is believed to involve primarily transcellular move-

584 C. S. Wingo, D. W. Seldin, J. P. Kokko, and H. R. Jacobson



ment. Stokes (17) has shown that there is a remarkably
constant ratio of sodium reabsorption for potassium
secretion in both normal and DOCA-treated rabbits.
This relatively constant ratio of potassium secretion
for sodium reabsorption has been interpreted as evi-
dence for a sodium-potassium exchanger, requiring
energy and presumably located at the basolateral
membrane. A likely candidate for this exchanger is
sodium-potassium activated adenosine triphosphatase,
which has been shown to reside in the basolateral mem-
branes and require adenosine triphosphate for the
translocation of sodium and potassium. However, di-
rect measurement of sodium potassium activated
adenosine triphosphatase in cortical collecting tubules
from adrenalectomized rabbits treated in an identical
manner as those in protocol I of the present studies
demonstrates low enzyme activity (22, 23). This ob-
servation is in keeping with the findings of Fine et al.
(24) who demonstrated that the increased K+ secretion
of collecting tubules from K-loaded normal or uremic
rabbits was not associated with increased Na-K-ATPase
activity. The apparent lack of a dependency of aug-
mentation in cortical collecting duct K+ secretion on
increased Na-K-ATPase activity is in contrast with the
findings of Doucet and Katz (25). Wehave no clear
explanation for the different observations.

With respect to the differences in potassium secre-
tion between the dietary groups in protocol II, two
variables were measured in the same tubules in which
potassium secretion was measured: transepithelial volt-
age and sodium reabsorption. As with protocol I there
was a significant relation between potassium secretion
and transepithelial voltage. However, because the high
and low diet groups had mean transepithelial voltages
that were not different, the difference in potassium
secretion between the two groups could not be attrib-
uted to an effect of transepithelial voltage. Hence, as
shown in Fig. 5, for a given value of transepithelial
voltage, potassium secretion was greater in the high
potassium group than in the low potassium group.

Analysis of the relation between sodium reabsorp-
tion and potassium secretion demonstrated a linear
correlation of these two variables (Fig. 6). Comparison
of sodium reabsorptive rates for both the high potas-
sium and low potassium diet groups demonstrates a
small but significant difference between the two
groups (low potassium = 3.84±0.67 pmol mm-' min-'
high potassium = 6.24±1.17 pmol mm-' min-' P
< 0.05). If one estimates the magnitude of potassium
secretion that can be related to the differences in so-
dium reabsorption between tubules from the two di-
etary groups (by multiplying the difference in Na reab-
sorption between the low and high K diet groups by
the slope of the line in Fig. 6, 2.40 pmol - mm-' * min-'
x 0.327), it is evident that differences in net sodium

reabsorption can account for only a fraction (0.78
pmol * mm-' * min-') of the difference in observed net
K secretion (3.32 pmol * mi-' * min-'). Thus, while a
relation between sodium reabsorption and potassium
secretion was demonstrable in these tubules, differ-
ences in net sodium reabsorption could not account for
the differences in K secretion between the two dietary
groups. Because differences in transepithelial voltage
could also not account for the differences in observed
K secretion we conclude that the effect of dietary K
intake is mediated, at least in part, by other factor(s).
The nature of these additional factors (intracellular K
activity, alterations in luminal or peritubular mem-
brane K conductance, etc.) are not addressed by our
studies.

These studies are the first to describe Na and K trans-
port in cortical collecting tubules obtained from ad-
renalectomized rabbits. We compare (Table V) the
results of our studies with Na and K fluxes in tubules
from normal animals and animals in which mineralo-
corticoid levels were altered by diet or exogenous ad-
ministration (12-14, 24). It is notable that adrenalec-
tomy sharply reduces net Na reabsorption and lumen
negative voltage in cortical collecting tubules perfused
in vitro. We attribute the low values in the present
studies to the fact that the rabbits from which our
tubules were obtained had no detectable mineralocor-
ticoid activity in their plasma for a minimum of 7 d.
In studies using dietary manipulations of salt intake
of intact animals such prolonged and complete
suppression of mineralocorticoid activity is difficult to
achieve. In addition, it is also apparent that maneuvers
that increase mineralocorticoid activity in the animals
result in increased Na absorption, K secretion, and lu-
men negative voltage. Finally, it is interesting to note
that in tubules from rabbits in which endogenous min-
eralocorticoid levels were suppressed by a low K, high
Na diet (12) K secretion was slightly greater but close
to the value seen in the low K tubules of this study.

It should be remembered that all of our studies were
carried out in tubules obtained from adrenalectomized
but glucocorticoid-replaced animals. Because our ma-
jor goal was to address the mineralocorticoid depen-
dency of renal K adaptation, we elected to keep the
glucocorticoid background intact and constant. In
view of the observation of Rodriguez et al. (26), who
found that whole cortical or medullary Na-K-ATPase
activity was more responsive to a single dose of dexa-
methasone than aldosterone, we cannot exclude a per-
missive role for glucocorticoids in the renal adaptation
to increased K intake.

In summary, this study provides evidence that the
cortical collecting tubule of glucocorticoid-replaced
adrenalectomized rabbits is capable of active potas-
sium secretion and that the magnitude of potassium
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secretion responds to changes in dietary K intake. This
effect is not wholly attributable to changes in sodium
reabsorption or transepithelial voltage. Irrespective of
the mechanism, these studies support the notion that
the cortical collecting tubule can contribute to the K
homeostasis of Addison's disease by responding to in-
creased dietary K intake with increased K secretion.
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