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ABSTRACT The consequences of K recycling and
accumulation in the renal medulla were examined by
measuring the effect of elevated K concentration on
ion transport by the medullary thick ascending limb
of Henle’s loop. Perfused and bathed in vitro, thick
limbs from both mouse and rabbit displayed a graded,
reversible reduction of transepithelial voltage after in-
creasing K concentration from 5 to 10, 15, or 25 mM.
The effect was reproducible whether osmolality was
328 or 445 mosmol/kg HyO, and whether K replaced
Na or choline. Net chloride absorption and transepi-
thelial voltage were reduced by almost 90% when am-
bient K concentration was 25 mM. When either lumen
or bath K was increased to 25 mM, net Na absorption
was reduced. There was spontaneous net K absorption
when perfusate and bath K concentration was 5 mM.
Analysis of transepithelial K transfer after imposition
of chemical gradients demonstrated rectification in the
absorptive direction. Absorption of K by this segment
provides a means to maintain high medullary inter-
stitial concentration. Accumulation of K in the outer
medulla, by reducing NaCl absorption, would increase
volume flow through the loop of Henle and increase
Na and water delivery to the distal nephron. K recy-
cling thus might provide optimum conditions for K
secretion by the distal nephron.

INTRODUCTION

Recent micropuncture experiments have demon-
strated that K is recycled to the renal medulla (1-3).
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The recycling process is dramatically illustrated when,
under conditions of acute or chronic K loading, K de-
livery to the bend of the loop of Henle exceeds 100%
of the filtered load (1, 2, 4). The currently accepted
pathways for the recycling process involve K secretion
by the distal nephron (1, 5), passive absorption across
the outer medullary collecting tubule (OMCT)' (6) and
secretion into the pars recta or descending limb (1, 4).
K concentration in the medullary interstitium can thus
reach 35-50 mM (1). The consequences of the accu-
mulation of K in the renal medulla have not been ad-
dressed. The present experiments were designed to
examine the effect of increased K concentration on
NaCl absorption across the medullary thick ascending
limb of Henle’s loop (MTALH), a structure likely to
be surrounded by K concentrations considerably in
excess of 5 mM. In addition, they examine K transport
by the MTALH, a subject that has received little at-
tention to date. The results indicate that elevated K
concentrations in the perfusing and bathing fluids re-
versibly reduce net NaCl absorption by the MTALH.
In addition, K is absorbed by a process independent
of transepithelial voltage (V). The absorption of K by
MTALH provides a mechanism whereby K can recycle
within the medulla. The resulting accumulation of K
can reduce NaCl absorption by MTALH and thereby
reduce NaCl content of the medulla. The consequences
of K recycling are appropriate for facilitating excre-
tion of K loads.

! Abbreviations used in this paper: J,, volume absorption;
MTALH, medullary thick ascending limb of Henle’s loop;
OMCT, outer medullary collecting tubule; P, apparent per-
meability coefficient (when Vi is 0); Uy, maximum urine
osmolality; Vr, transepithelial voltage.
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METHODS

Isolated segments of MTALH were dissected either from
Swiss-Webster mice (18-24 g) or female New Zealand White
rabbits (1.2-8.0 kg). The general procedure has been pre-
viously described (7-9). The MTALH from the rabbit was
dissected from the inner stripe of the outer medulla. The
distinction between inner stripe and outer stripe is not as
clear in the mouse but attempts were made to dissect seg-
ments from the inner portion of the outer medulla. Dissec-
tion from this portion of the medulla increases the likelihood
of obtaining a homogeneous epithelium since the cortical

portion of the thick ascending limb of Henle’s loop is dif- -

ferent from the medullary portion in both the mouse (10)
and the rabbit (9).

The tubules were dissected in a solution identical to that
in which they were subsequently bathed. One of two solu-
tions was used. Solution 1 contained (in millimolars) NaCl,
120; NaHCOj, 25; Na acetate, 10; KCI, 5; MgSO,, 1; CaCl,,
1.8; Na,HPO,, 2.3; glucose, 8.3; and L-alanine, 5. This so-
lution had an osmolality of 328+4 mosmol/kg water. Solu-
tion 2 contained in addition 25 mM urea, 20 mM choline
chloride, and 30 mM NaCl, and had an osmolality of 445+4
mosmol/kg water. All solutions were gassed with 95% oxygen
and 5% carbon dioxide so that the pH was 7.4. Except where
specifically indicated, all dissection and bathing solutions
contained 5% vol/vol bovine calf serum. The tubules were
perfused with the same solution as the bath, but without
serum. The perfusate also contained ¢.2-0.3 mg/ml FD&C
green dye 3 (Keystone Aniline and Chemical Co., Chicago,
IL) to improve visualization and, when flux studies were
performed, 75-100 xCi/ml [methoxy-*HlJinulin exhaustively
dialyzed to remove substances of a molecular weight < 3,000
(11). Using this volume marker, net volume absorption (J,)
was calculated by the standard expression (8) and tubules
showing a J, > +0.1 nl-mm™-min~! were discarded. The
1.1 ml bath was continuously changed at 0.5 ml/min.

After dissection, the tubules were transferred to a plastic
chamber where they were perfused using concentric glass
pipettes. The tubule was connected to the pipettes and the
temperature was raised to 37°C over 2 min where it was
maintained (+0.5°C) for the duration of the experiment. Vr,
referenced to the bath, was measured continuously using
circuitry as previously described (8). When asymmetric
solutions were imposed across the tubule, the circuit voltage
was corrected for the calculated liquid junction potential
(0.6 mV). All voltages reported are thus transepithelial volt-
ages.

The tubules were perfused for 45 min or until V; was
stable, whichever was longer. Rabbit MTALH generally dis-
played a gradual decay in Vr after reaching a peak imme-
diately after warming (9). In all experiments, V1 was stable
90 min after warming. Mouse MTALH displayed this tem-
poral decrement in Vi less frequently. The reason(s) for the
difference is not known. During flux studies, perfusion rates
were maintained by hydrostatic pressure at 4.0-5.3 nl/min.
When only V+ was measured, perfusion rate was maintained
at >10 nl/min to avoid flow-dependent effects (12).

Because net volume flux was near zero, net solute fluxes
(Ji» peq-mm™'-min~!) were calculated according to the
expression

Ji = V(i — ib)/L,

where V_ is the collection rate (nanoliters per minute), mea-
sured directly by a constant volume pipette, and is equal to
the perfusion rate; L is the length of the tubule (millimeters);
and [i}, and [i]. are the concentrations of the solute in the
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perfused and collected fluid, respectively (picoequivalents
per nanoliter).

The concentration of solute was determined by two dif-
ferent techniques. In experiments where only net chloride
absorption was measured, chloride concentration was deter-
mined by microtitration (model F-25, WP Instruments, Inc.,
New Haven, CT). Three samples each of perfusate and col-
lected fluid for each period were stored overnight in water-
equilibrated oil. Samples stored in this way maintain stable
concentrations for up to a week. For each sample, chloride
concentration was determined in quadruplicate. Thus, for
each period reported, the net chloride flux represents the
difference between 12 determinations each of perfused and
collected fluid. The coefficient of variation for a single sam-
ple was generally <2%.

In the experiments where net fluxes of Na, K, and Cl were
determined, electron probe microanalysis was used. The
procedure was similar to that previously reported (13) with
minor modifications. The instrument used was a newer
model (Applied Research Laboratories, Div. Bausch &
Lomb, Sunland, CA, EMX-SM) interfaced with a Tracor
Northern (Middleton, WI) computer. Simultaneous deter-
mination of Na, K, and Cl were conducted using wavelength
dispersive spectrometers. Minimum detection limits and the
coefficients of variation for each ion were similar to the val-
ues previously reported (13). Net fluxes for each period were
determined from three samples each of perfused and col-
lected fluid with each sample being determined in sextu-
plicate.

The experimental procedure consisted of two or three
periods. In the control period potassium concentration of the
perfusate and bath was 5 mM. In the experimental period
potassium concentration was raised to 10, 15, or 25 mM. In
experiments where only V; was measured, a recovery period
was obtained. When solution 1 was used, potassium replaced
sodium. When solution 2 was used, potassium replaced cho-
line. In all experiments where the perfusate was changed,
a sham change was executed to be certain that changing the
perfusate by itself did not result in a change in V. Any
tubule having a change in V; > £0.5 mV after this sham
change was discarded. All Vi and flux measurements were
obtained after a minimum stable period of at least 10 min.

Statistical analysis was conducted by either paired or un-
paired Student’s ¢ test as appropriate. Data are expressed as
mean+SEM. Unless otherwise stated, significant differences
have a P value of <0.05.

RESULTS

Effects of K concentration on Vi of mouse MTALH.
Fig. 1 displays the results of increasing potassium con-
centration in both perfusate and bath solutions of the
mouse MTALH from 5 mM to 10, 15, or 25 mM. In
these experiments, where control and recovery periods
used solution 1 (328 mosmol/kg water) K replaced Na.
To evaluate whether the decrement in V; was due to
the increase in ambient K concentration or due to the
decrease in Na concentration, a series of experiments
was conducted on mouse MTALH where K replaced
choline rather than Na. The results of these experi-
ments are shown in Fig. 2. In this latter set of exper-
iments the more hypertonic solution (445 mosmol/kg
water) was designed to simulate more closely the com-
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FiGURE 1 Effect of increasing K concentration ([K], in mil-
limolars) in bath and lumen on transepithelial voltage across
MTALH of the mouse. Onset of the reduction was within
a minute and stabilization was achieved within 10 min. Re-
covery was similar in time course. In these experiments sol-
ution 1 was used (328 mosmol/kg H;0) and K replaced Na.

position of the outer medullary interstitium (14). The
mean values for each group are shown in Table I. It
is clear that increasing ambient K concentration re-
duced the magnitude of V1 in a reversible fashion. The
reduction in Vy often began as quickly as the ex-
changes could be made and continued for another 5-
10 min at which time the Vp stabilized. On occasion,
the reduction in Vr did not stabilize for 20 min. Re-
covery of V; was equally rapid, requiring 5-10 min
for stabilization.

When the results are considered together, the re-
duction in V; must have been due to the increase in
K concentration and not to changes in ambient Na or
choline concentrations. The change in voltage cannot
be attributed to the generation of diffusion potentials
or liquid junction potentials since the substitutions
were made symmetrically. It is likewise evident that
the effect is reproducible under conditions of hyper-
tonicity or near isotonicity (Figs. 1 and 2). Although
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FIGURE 2 Effect of increasing K concentration (in milli-
molars) in bath and lumen on transepithelial voltage across
MTALH of the mouse. Time course was similar to experi-
ments shown in Fig. 1. In these experiments solution 2 was
used (445 mosmol/kg H;0) and K replaced choline.

both groups responded to K in a generally similar fa-
shion, there are some indications that the groups might
be different. The mean Vi of tubules perfused origi-
nally in solution 1 was 4.4+0.4 mV while the mean
value for the tubules perfused in solution 2 (hyper-
tonic) was 3.1+0.2 mV. The difference is significant
(P < 0.01 by unpaired analysis) and is consistent with
the findings of Hebert et al. (15) that an acute increase
in osmolality of solutions bathing the mouse MTALH
reduces the vasopressin-stimulated increment in V.
A second observation that suggests that the two groups
may not be strictly comparable is that although 25 mM
K produced a reduction in V1 of ~90% in both groups,
the response to 10 mM K appears different. It is pos-
sible that a hypertonic environment renders the tubule
more sensitive to small increments in K concentration.
Despite these suggestions that the osmolality of the
environment might influence the performance of the
MTALH, it is clear that acute changes in ambient K
concentration can produce reversible reductions in V¢
across the mouse MTALH.

Effect of K concentration on Vrand ] absorption
across rabbit MTALH. To determine if the effect of
elevated K concentration was operative in the rabbit
MTALH as well as the mouse, K concentration in both
lumen and bath was raised to either 10 or 25 mM in
eight experiments. The results are depicted in Fig. 3.
Solution 1 was used in these experiments and the re-
sults are comparable to the results in the mouse (Fig.
1). There was an insignificant effect of 10 mM K, while
the effect of 25 mM K was unambiguous and at least
partially reversible. The time course was similar to that
of the mouse.

Although the precise mechanisms involved in the
generation of the lumen-positive Vr in the thick as-
cending limb are not completely understood, there is
considerable evidence that changes in the magnitude
of the Vi reflect changes in the magnitude of NaCl
absorption (9, 10, 15-19). To determine directly
whether such was the case in the present experiments,
net chloride absorption (lumen-to-bath flux) was mea-
sured in MTALH dissected from normal rabbits before
and after increasing both perfusate and bath K con-
centration from 5 to 25 mM. The results of 10 such
experiments together with six control experiments
(where the perfusate was sham changed) are displayed
in Table II. Solution 1 was used and K replaced Na.
Both Vi and J¢; were reduced by 86%, a value com-
parable to the decrements in V1 produced by 25 mM
K in the mouse MTALH (Figs. 1 and 2). Thus, a re-
duction of V reflects a reduction of NaCl absorption.

Evaluation of simultaneous net Na, K, and Cl
fluxes. The simultaneous determination of net Na, K,
and Cl fluxes has not been reported for the MTALH
of the rabbit. Table III displays the mean V, the mean
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TABLE I
Effect of Increasing Ambient K Concentration on Mean Voltage (mV) across MTALH of the Mouse

Control 10K Recovery Control 15K Recovery Control 25K Recovery
(n=4) (n=4) (n=4)
Solution 1, 4.7 3.8 4.3 4.4 1.6° 3.0 4.0 0.5° 2.6
328 mosmol/kg +0.5 +0.6 +0.3 +0.3 +0.3 +0.3 +0.6 +0.2 +0.2
(n=4) (n=4) (n=235)
Solution 2, 3.2 1.2° 2.2 3.2 0.7° 2.6 2.6 0.2° 1.3
445 mosmol/kg +0.4 +0.2 +0.4 +0.7 +0.2 +0.5 +0.3 +0.1 +0.3
All results 4.0 2.5° 3.4 3.8 1.2° 2.8 33 0.3° 1.9
+04 +0.6 +0.5 +0.4 +0.2 +0.3 +0.4 +0.1 +0.3

Values are mean+SEM. In solution 1, K replaced Na while in solution 2, K replaced choline.
* Significantly different from both control and recovery values by paired analysis (P < 0.05).

difference in concentration between perfused and col-
lected fluid, and the net (absorptive) fluxes of Na, K,
and Cl, determined by electron probe microanalysis
for 14 tubules perfused and bathed with solution 1.
There was a small but significant net absorption of K.
In addition, there was no difference between the net
absorption of the sum of Na and K (101£10) and the
net absorption of Cl (109%£12). These results provide
no evidence for a significant flux of another anion (such
as HCOj) although the technique is not sufficiently
sensitive to detect a small net flux of an unmeasured
species. These data support the notion that the mea-
surement of the change in net Cl transport (under sym-
metrical conditions) reflect changes in NaCl transport
(10, 12, 20).

To evaluate the effect of an asymmetric increase in
K concentration the 14 tubules, after measurement of
their steady-state base-line transport, had either their
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FIGURES3 Effect of increasing K concentration (in milli-
molars) in bath and lumen on transepithelial voltage across
MTALH of the rabbit. Time course was similar to the ex-
periments conducted on mouse MTALH (Figs. 1 and 2).
Solution 1 was used (328 mosmol/kg H;O) and K replaced
Na.
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bath or perfusate K raised to 25 mM with a concom-
itant reduction in Na. The purposes of this maneuver
were to examine the “sidedness” of an effect and to
examine net K fluxes in the presence of a chemical
concentration gradient.

The results of the experiments where lumen K was
raised to 25 mM are displayed in Table IV. There was
an increase in net K efflux, a striking reduction in net
Na efflux, and no significant change in Cl efflux. Since
the direction of the change in Na and K transport was
appropriate for their respective concentration gra-
dients, one cannot be certain whether the increase in
luminal K reduced active transport of NaCl. The re-
duction in V; from 3.1£1.0 to 0.8+0.2 mV suggests
that it did, but one cannot be completely certain (vide
infra). In any event, it is obvious that this maneuver
reduced the net NaCl absorption and enhanced net
KCl absorption.

The results of the experiments where bath K was
raised to 25 mM are depicted in Table V. There was
a net K influx, consistent with the direction of the K
concentration gradient, a reduction of Cl efflux to near
zero, and a significant reduction of net Na efflux. The
reduction in Na efflux occurred despite the favorable
chemical gradient. This result suggests that the active
transport of NaCl was reduced by increasing bath K.

The mechanism of the reduction of Na efflux by
increasing either bath or lumen K to 25 mM cannot
be deduced with certainty from these experiments.
The reduction in Na absorption when bath K was
raised to 25 mM (Table V) is consistent with the notion
that transcellular NaCl efflux was reduced, since net
Na efflux fell (despite a favorable chemical gradient)
and Cl efflux was nearly abolished. The reduction of
Vr from 3.3%0.5 to 1.7+0.6 mV supports this inter-
pretation. The interpretation of the effects of raising



TaBLE 11
Effect of Increasing Both Perfusate and Bath K Concentration
from 5 to 25 mM on Vyand Jo across MTALH of the Rabbit

Vr Ja
Experiment L v Control 25K Control 25K
mm nl/min mv peq-mm™! - min~!
Effect of 25K
1 0.65 4.5 48 0.2 67.4 9.2
2 1.1 43 2.0 0.1 152 2.0
3 1.1 4.7 2.0 0.2 90.1 -2.5
4 1.25 4.5 1.1 19 68.6 16.8
5 0.7 4.8 4.6 0.6 773 2.4
6 0.8 4.6 1.1 0.1 38.6 259
7 0.4 4.1 2.5 0.0 479 21.2
8 0.75 4.4 4.1 0.2 974 6.6
9 0.65 4.3 29 0.4 73.5 6.1
10 0.9 4.6 2.8 1.0 67.1 21.3
Mean 0.8 4.5 2.8 0.4 78.0 10.9
+SEM 0.1 0.1 0.4 0.2 9.9 3.1
P <0.002 <0.001
Effect of sham change
1 1.0 48 1.6 2.4 50.1 98.1
2 1.2 4.4 6.3 6.5 170 143
3 0.4 4.8 3.5 4.0 118 124
4 0.95 4.4 2.5 1.8 41.4 38.7
5 0.5 4.5 2.2 1.7 86.3 54.4
6 0.45 4.1 2.8 2.2 28.2 439
Mean 0.8 4.5 3.2 3.1 82.2 83.6
+SEM 0.1 0.1 0.7 0.8 22.1 18.1
P NS NS

Solution 1 was used in all experiments. The increase in K concen-
tration was accompanied by an equimolar reduction in Na con-
centration. Abbreviations used in this table: L, length; V, collection
rate (equal to perfusion rate); Jo, net chloride absorption; control
and 25K refer to the periods where K concentration was 5 and 25
mM, respectively.

lumen K to 25 mM are more complicated (Table 1V).
The reduction in net Na efflux might have been due
to either the reduction in transcellular NaCl efflux or
an increase in Na backflux through the paracellular
pathway or a combination of these effects. The re-
duction of V; from 3.1+1.0 to 0.8+0.2 mV supports
the notion that transcellular NaCl absorption was re-
duced. This reasoning is based on the relative cation
permeability, determined by Greger (21), of the cor-
tical thick limb of the rabbit. If the voltage response
to these maneuvers were due only to the biionic dif-
fusion potential, raising bath K should have increased
(rather than reduced) V1 by 0.9 mV. Likewise, raising
perfused K should have reduced Vr by only 0.9 mV.

Thus, although the effect of elevated K from either
the lumen or bath is consistent with the notion that
transcellular NaCl eflux was reduced, this conclusion
must be considered tentative until there is more in-
formation regarding alterations in intracellular events.

Analysis of K flux. As demonstrated in Table III,
under base-line conditions there was a consistent net
reabsorption of K. This result is in contrast to the re-
sults in the cortical thick ascending limb of Henle’s
loop of the rabbit (22) where, under similar circum-
stances, K secretion was generally observed. The eval-
uation of whether this transport process is passive can
be approached by using the Goldman equation (23),
an integrated form of the Nernst-Plank equation,
which assumes a constant electric field (i.e., the elec-
trical potential is a linear function of distance). The
expression is written

. _PaFV,y [c., - Cleﬂ"f/"]

i RT ezFVT/I\T — l

where J; is the net flux of ion i (picoequivalents per
millimeter per minute) where a positive value in-
dicates absorption, P the permeability coefficient®
(nanoliters per millimeter per minute), C, the con-
centration of i in the bath, C, the arithmatic mean
concentration of i in the lumen, z the valence of i, F
the Faraday, R the gas constant, and T the absolute
temperature. This expression allows the prediction of
net flux for any epithelium (membrane) where Vr, the
permeability coefficient and the concentration gra-
dients are known if the flux proceeds entirely by simple
diffusion.®

Under control conditions there was net absorption
of K (Table III). Since absorption of a cation in the
presence of a lumen-positive Vi might be owing to
diffusion and not active transport, the apparent per-
meability coefficient was calculated using the above
expression and the measured values for each tubule.
The mean apparent permeability coefficient was 6.13
X 107* cm/s. This value is an order of magnitude larger

2 The permeability coefficient can be converted to the
more traditional units of centimeters per second by multi-
plying by 2.66 X 1073, which assumes an internal diameter
of the tubule of 20 um.

3 The designation of permeability coefficient means that
transport proceeds entirely by simple diffusion. A value for
P can be calculated despite no a priori knowledge of the
mechanism of transport. For purposes of comparing lumen-
to-bath and bath-to-lumen fluxes in the presence of a mea-
surable V1 and a concentration gradient, P can be calculated
and called an apparent permeability coefficient at V; = 0.
In the present experiments the calculated apparent perme-
ability coefficients are not the true permeability coefficient
since they do not conform to the patterns predicted by simple
ionic diffusion.

K Effect on NaCl Transport 223



TaABLE III
Base-line Transport Characteristics of Rabbit MTALH (n = 14)

Vr [Na) — [Nah T Kb — (KL Jx [Clp - [ClL Ja
mv meq/liter peq-mm™!. meq/liter peq-mm™'. meq/liter peq-mm™!.
min™! min~! min~!
3.2 17.1 97.1 0.7 3.8 193 109
+0.3 +1.6 +9.8 +0.2 +0.3 +2.0 +12

Values are mean+SEM.

Jnas Jx» and Jq are the net transport rates of Na, K, and Cl, respectively.
{Na), — [Na}, [Kk — (KL, and [Cl}, — [CI},. are concentration differences between perfused and collected

fluid.
All values are significantly >0 (P < 0.01).

than the permeability coefficient for Na of 6.27 X 1073
cm/s determined by Rocha and Kokko (12) using bath-
to-lumen tracer fluxes. The discrepancy suggests that
potassium transport might not be entirely explained
by paracellular diffusion, for a 10-fold selectivity of
K over Na has not been previously described. How-
ever, the magnitude of the V and Jx measurements*
is such that small errors create large errors in the cal-
culated apparent permeability. The standard error is
sufficiently large so that no firm conclusion can be
reached.

The measurement of net K fluxes after an imposed
chemical gradient allows a considerably more accurate
determination of the apparent permeability coeffi-
cient. Table VI displays the K flux data in tubules
where such a concentration gradient was imposed. It
is clear that the net fluxes of K under the two conditions
are significantly different. Although the individual
experiments are not shown, there was no overlap in
these values. Statistical analysis of V1 showed no dif-
ference between the two groups. However, since a
small V1 might produce a significant difference in the
flux ratio if the true permeability coefficient were
large, the apparent permeability coefficient (P3) was
calculated for each experiment. These values were
likewise significantly different from each other (Table
VI). If potassium were transported entirely by simple
diffusion, the ratio of these numbers should be unity.
The ratio is 2.17, a value closer to the ratio of the

+ At perfusion rates that are sufficiently slow to allow a
NaCl concentration gradient to develop at the collection end
of the tubule, the Vy at the distal end will be more positive
than at the proximal end. The greatest bath-to-lumen con-
centration gradient measured in these experiments was 1.3.
If the Na/Cl permeability ratio is between 2.2 (10, 21) and
6.1 (12), the Vr at the distal end of the tubule will be as
much as 3.5 to 5.5 mV greater than the proximal end and
the mean V1 will be greater than reported. Because of bi-
ologic variability and uncertainty of the V at the distal end,
and the inherent errors in measuring ion concentrations,
mean Vy can not be precisely assessed.
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unidirectional fluxes for Na (1.71) measured isotopi-
cally (12).

The analysis of the discrepancy between the potas-
sium fluxes can be conducted in another way. If one
assumes that all K transport occurs by simple diffusion,
i.e., that the apparent permeability coefficient mea-
sured from lumen-to-bath and bath-to-lumen are in
fact not different, then one can calculate the mean Vy
necessary to effect the measured net K fluxes. This
voltage would have to be ~10 mV. Given an upper
limit of 2 mV at the perfused end, the voltage at the
distal end would have to be ~22 mV, an extremely
unlikely occurrence since the (bath-to-lumen) NaCl
concentration gradient required to produce this volt-
age is >4 (12) and the maximal concentration gradient
at the distal end of these tubules was only 1.3. Thus,
the absorption of K that occurred under control con-
ditions was most likely not due entirely to the lumen
positive V. Rather, these data provide presumptive
evidence for a transcellular absorptive process for K.

Mechanism of the effect of K on NaCl absorption.

TABLE IV
Effect of Increasing Perfused K Concentration to 25 mM
on Net Ion Transport across Rabbit MTALH (n = 7)

L Vr Jne Jx Ja
mm mV peq-mm™!-min~!
Control 3.1 102 2.9 104
+1.0 +16 +1.2 +17
0.9
+0.1
25K 0.8 12.7 59.5 80.7
+0.2 +5.9 +3.8 +7.8
P° <0.002 <0.002 <0.001 NS

° P values represent comparison of 25K period vs. control.
Control solutions contained 5 mM K in both perfusate and bath.
Increase in K concentration accompanied by equivalent decrease
in Na concentration.

Abbreviations as in Tables I and II.



TABLE V
Effect of Increasing Bath K Concentration to 25 mM on Net
Ion Transport across Rabbit MTALH (n = 7)

L Vr Ine Jx Ja
mm mV peq-mm~' - min~!
Control 33 92.2 4.7 114
+0.5 *+12.5 *+1.0 +19
0.8
+0.1
25K 1.7 57.3 —-33.5° 4.9
+0.6 +5.3 +3.0 +10.2
P <0.05 <0.05 <0.001 <0.001

Abbreviations as in Tables I and II.
° Negative flux represents secretion.

The most likely explanation for the K effect on NaCl
transport involves membrane depolarization. If such
is the case, membrane depolarization by another
mechanism should produce a similar effect. Previous
reports have shown that Ba** administered in milli-
molar concentrations can reduce membrane K con-
ductance of several cell types (24-27) and by so doing
depolarize the membrane (25, 28). In addition, Greger
and Schlatter (29) have shown that Ba** produces such
an effect in the cortical thick limb of the rabbit. Thus,
Ba** should mimic the effects of elevated K concen-
tration.

It became apparent that the effect of Ba** would
not be as straightforward as the effect of high K. First,
there was no effect of Ba** when the bath contained
5% bovine serum. For this reason, the serum was

TABLE VI
Net K Flux across Rabbit MTALH in Presence
of a Concentration Gradient

Perfused (K] (mM) 25 5

Bath [K] (mM) 5 25 P
=7 (=7

e R

b 08 w04 <00

Mo Be g oo

Fm/r 0 lo5 05 <00

Values are mean+SEM.

P values compare absolute values of column 1 to column 2 using
unpaired analyses. P is the calculated apparent permeability coef-
ficient (when V; = 0) for K. Other abbreviations as in Tables I,
II, and III.
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FIGURE 4 Effect of 4 mM Ba** on transepithelial voltage
across the mouse MTALH. Solution 1 was used (328 mosmol/
kg H,0). C and R indicate stable control and recovery values,
respectively. (Ba** effect from bath, P < 0.001; from lumen
P < 0.002. Recovery NS).

(2]

omitted from the bath, a maneuver that on several
occasions caused a reduction in Vg in both rabbit and
mouse MTALH. Thus, the Ba** experiments were con-
ducted on mouse MTALH that had been dissected in
5% serum solution but was perfused and bathed in
solution 1 (osmol = 328) that contained no serum.
Three tubules treated in this fashion developed a V¢
that gradually fell from >5 mV initially to <2 mV at
90 min, despite having an epithelium that appeared
normal. These tubules were discarded. The results of
the effect of 4 mM Ba** on Vi of the acceptable ex-
periments are displayed in Fig. 4. Ba**, when added
to the bath as BaCl,, produced a reduction in Vy from
4.3+0.6 t0 2.910.5 mV (P < 0.01). The change usually
began within a minute and was complete within 10
min. When Ba** was added to the perfusate, Vr fell
from 4.7+0.4 to 3.5+0.5 mV (P < 0.002) with a similar
time course. Recovery was inconsistent. Despite the
differences between the effects of high K and Ba**,
the similarities between the direction of the change
in V1 and the time course of the change are consistent
with the notion that both high K and Ba** might be
producing their effects by depolarizing the mem-
brane.®

5 In the cortical thick limb of the rabbit, Ba** depolarizes
the cell membrane by reducing K conductance, and inhibits
the calculated short circuit current (an estimate of the mag-
nitude of NaCl absorption) (29). However, the influence of
these events on V7 is complicated by uncertainties regarding
the magnitude of the change in transepithelial resistance.
Van Driessche and Zeiske (30) have demonstrated a possi-
ble reduction in shunt resistance in the frog skin. Greger
and Schlatter (29) have demonstrated a large increase in
transepithelial resistance of the cortical thick limb, most
probably owing to reduction of the transcellular K conduc-
tance. This latter effect would explain the lesser change in
V1 observed in the present Ba** experiments (compared with
the K experiments) if the cellular K conductance partici-
pated in the shunting of Vr generated by active NaCl trans-
port.
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DISCUSSION

The results of the present experiments demonstrate
that an acute increase in ambient K concentration to
ranges found in vivo (1) can produce a substantial re-
duction in V1 and NaCl absorption across the MTALH
of both the mouse and the rabbit. The effect is re-
versible and occurs under hypertonic and near isotonic
conditions (Figs. 1 and 2).

The rate of net NaCl absorption across the MTALH
has been shown to be stimulated by vasopressin (10,
15-17) and B-adrenergic agonists (31). It can be re-
duced by prostaglandin E; (9) and hypertonicity (15).
The present results add another link to our understand-
ing of the control of NaCl absorption by the loop of
Henle and, as a consequence, the control of medullary
tonicity. Perhaps most importantly, they provide the
first data addressing the functional significance of K
recycling to the renal medulla.

Since K recycling was first described by Battilana
et al. (1), its nature has received increasing attention.
The unambiguous evidence of K secretion by the thin
descending limb of Henle’s loop or the pars recta (1,
4, 32) has prompted a series of experiments investi-
gating the pathways for this recycling. It is now gen-
erally accepted that the K secreted by the distal con-
voluted tubule and cortical collecting tubule is in part
reabsorbed across the outer medullary and/or papil-
lary collecting tubule (1, 2, 6) and accumulates in the
medullary interstitium. This accumulation allows a
concentration gradient to develop that causes net K
secretion into the thin descending limb of Henle’s loop
(83) or pars recta (34, 35). K recycling is enhanced in
chronic K administration (1) as well as acute K ad-
ministration (2) and is reduced by K deprivation (3).

The concentrations of K used in these experiments
are probably within the range of concentrations found
in vivo. Dobyan et al. (8) have reported a mean K
concentration at the bend of the loop of 25 mM in
young Munich-Wistar rats fed a normal diet, and a
concentration of 9 mM in rats deprived of K for 3 d.
Battilana et al. (1) have reported similar values for
normal rats and a mean concentration of 37 mM for
rats fed a high K diet. Concentrations in vasa recta
blood were ~10 mM greater than loop fluid (1, 36).
Although there is no clear way to extrapolate K con-
centrations found at the bend of the loop to the con-
centrations in the outer medulla, the range used in the
present study is a reasonable estimate of the range of
concentrations likely surrounding the medullary thick
ascending limb of Henle’s loop. Individual values re-
ported by Jamison et al. (37) for the Sprague-Dawley
rat and deRouffignac and Morel (32) for the psam-
momys support the notion that this range of concen-
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trations may be found under normal physiologic con-
ditions.

The reduction of NaCl absorption across the MTALH
by elevated K concentration is consistent with the ef-
fects of acute infusion of K on Na excretion. Vander
(38) described a ““direct” effect of K on Na excretion
by the kidney. Brandis et al. (39), using micropunc-
ture techniques, found that fluid absorption across the
proximal convoluted tubule was reduced by increased
peritubular K concentration. Reduction in fluid ab-
sorption was not observed by increasing peritubular
K concentration similarly in the isolated, perfused rab-
bit proximal tubule (40). Kahn and Bohrer (41), using
clearance techniques, postulated a major effect on the
“distal convoluted tubule” (diluting segment). Wright
et al. (42) examined distal tubule Na absorption and
found that most of the natriuretic effect occurred prox-
imal to the superficial distal convoluted tubule. They
showed that Na delivery to the early distal tubule was
increased by acute K infusion as well as chronic ad-
ministration of a high K diet.

The diuretic effect of a high K diet is also widely
recognized, although the explanation for this phenom-
enon is not completely understood. The osmotic di-
uresis (NaCl and KCl) may play a role under some
circumstances. However, Battilana et al. (1) demon-
strated a reduced urine osmolality in chronically K-
loaded rats without an increase in solute excretion.
These findings suggest that chronic K-loading might
impair the generation of a maximum urine osmolality
(Umax). An impairment in U,,, is consistent with the
present results regarding reduced NaCl absorption
across the MTALH, an effect that would lead to a
diminished medullary interstitial solute content.

K transfer across MTALH. In addition to provid-
ing information regarding the effect of K on NaCl
absorption, the present experiments provide evidence
that K transfer across the MTALH. cannot be ac-
‘counted for by an entirely passive process. Under base-
line conditions, when ambient K concentration was 5
mM, K was absorbed (Table 1V). This result is different
from that reported by Burg and Bourdeau (22) for the
cortical thick ascending limb of the rabbit. Under sim-
ilar conditions they found a small net secretion.®

Since the net absorption of K in the presence of a
lumen-positive Vi might be owing completely to dif-
fusion, the data were analyzed according to the Gold-
man flux equation (23). These results (Table VI) clearly
indicate that there is rectification of K movement

¢ The present results also contrast with preliminary results
reported by Work and Schafer (43). Using tracer measure-
ments of Rb flux they reported a larger secretory component
than absorptive component. The reasons for these apparent
discrepancies are not clear.



across the MTALH in the absorptive direction. The
mechanism of such a rectification process cannot be
discerned from the present experiments. Nevertheless,
its presence is consistent with the magnitude of the net
absorption of K under control conditions when K con-
centration was 5 mM (Table IV).

The significance of K absorption by the MTALH is
most readily appreciated if it is viewed within the
context of the presumed pathways of K recycling as
depicted schematically in Fig. 5. There appear to be
four discrete steps. (a) K is secreted by the distal con-
voluted tubule and the cortical collecting tubule; (b)
a portion of this secreted K is passively reabsorbed
across the OMCT (6) and raises the interstitial K con-
centration; (c) K enters the pars recta or thin descend-
ing limb of Henle’s loop; (d) the recycling process is
amplified by absorption across the MTALH. This last
step may be important in regulating the magnitude
of K accumulation in the medulla. Although it is clear
that K can diffuse across the outer medullary collecting
duct into the interstitium, the permeability of this ep-
ithelium to K is low (6) so there is some doubt as to
whether the magnitude of K reabsorption across
OMCT could explain interstitial K concentration of up
to 50 mM (1). A large K reabsorption across OMCT
would also be counterproductive under conditions
when the K excretory mechanisms should be operating
maximally, i.e., under conditions of K loading. The
absorption of K across the MTALH would effectively

CORTEX

OUTER

MEDULLA

V WNER

/MEDULLA

FIGURE 5 Schematic representation of K recycling to the
renal medulla. (@) K is secreted by the distal nephron. (b)
Small amount is passively reabsorbed by the outer medullary
collecting tubule. (c) Secretion into the pars recta or de-
scending limb of Henle’s loop. (d) Absorption by MTALH.

minimize the requirements for K absorption across
OMCT and would amplify K accumulation in the
medullary interstitium.

K effect on NaCl absorption. The mechanism
whereby increasing K concentration reduced Vi and
NaCl absorption is most likely related to depolarization
of the cell membrane. Most mammalian cells have as
a major component of their membrane voltage a K
diffusion potential. Because barium depolarizes cell
membranes by reducing K conductance (24-27, 29),
the results of the effects of barium (Fig. IV) are con-
sistent with the notion that cell depolarization may be
the mechanism whereby an elevation in the ambient
K concentration might reduce NaCl absorption. De-
polarization of the cell might reduce NaCl absorption
by reducing the electrochemical gradient for Cl exit
across the basolateral membrane. According to our
current perceptions of the mechanism of NaCl ab-
sorption by the thick ascending limb of Henle’s loop,
NaCl enters the cell by an electrically neutral mech-
anism across the apical membrane and exits across the
basolateral membrane (15, 21, 29, 44-46). A conduc-
tive Cl exit step would be voltage-sensitive and would
provide a convenient explanation for the present re-
sults.

Significance. The direct implications of the present
experiments are that K recycling would produce na-
triuresis and diuresis. Although these effects are often
observed after acute K infusion into the intact animal,
the complete (teleological) significance may relate to
the diuretic and natriuretic effects only indirectly. The
major importance of K recycling may have more to
do with facilitating K excretion than with producing
a Na and water diuresis. As we currently understand
K secretion by the distal nephron, there are two major
determinants. In the distal convoluted tubule K secre-
tion is positively correlated with axial volume flow
(47). In the cortical collecting tubule, K secretion is,
in large part, regulated by the absorption of Na (48),
a process that is enhanced by mineralocorticoid hor-
mone (48-50) and is dependent on an adequate con-
centration of Na in the tubular fluid (48, 51). By re-
ducing NaCl absorption across the MTALH, K
accumulation in the medulla would increase volume
flow through the loop of Henle (by virtue of reducing
water absorption across the thin descending limb) and
thus increase fluid delivery to the distal convoluted
tubule. Simultaneously, Na delivery (and presumably
Na concentration in the tubular field) to the cortical
collecting tubule would also be increased. This shift
in the location of Na absorption together with an ap-
propriate increase in aldosterone secretion (52) would
maximize K secretion by the cortical collecting tubule.
Thus, an increase in K secretion by the distal nephron
would, by virtue of K recycling to the medulla, create
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conditions in the distal nephron that would permit
maximal K excretion.

In summary, the accumulation of K in the renal
medulla can inhibit the absorption of NaCl by the
MTALH. This action would have as an immediate ef-
fect a reduction in medullary solute content and con-
sequently an enhancement of Na and H,O delivery to
the distal nephron. The ultimate importance of K re-
cycling might be the provision of adequate Na delivery
and volume flow to the distal nephron so that K se-
cretion can proceed maximally. The mechanism
whereby K produces this reduction in NaCl absorption
is probably via depolarization of the cell. The presence
of absorptive rectification of K raises new possibilities
for the involvement of K in the process of NaCl ab-
sorption by the MTALH.
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