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Chronic Hyperkalemia Impairs AmmoniumTransport
and Accumulation in the Inner Medulla of the Rat
Thomas D. DuBose, Jr., and David W. Good
Division of Nephrology, Departments of Internal Medicine, Physiology and Biophysics,
University of Texas Medical Branch, Galveston, Texas 77550

Abstract Introduction

Previously we demonstrated in rats that chronic hyperkalemia
had no effect on ammonium secretion by the proximal tubule in
vivo but that high K+ concentrations inhibited ammonium ab-
sorption by the medullary thick ascending limb in vitro. These
observations suggested that chronic hyperkalemia may reduce
urinary ammonium excretion through effects on medullary
transport events. To examine directly the effects of chronic
hyperkalemia on medullary ammonium accumulation and col-
lecting duct ammonium secretion, micropuncture experiments
were performed in the inner medulla of Munich-Wistar rats
pair fed a control or high-K+ diet for 7-13 d. In situ pH and
total ammonia concentrations were measured to calculate NH3
concentrations for base and tip collecting duct and vasa recta.
Chronic K+ loading was associated with significant systemic
metabolic acidosis and a 40% decrease in urinary ammonium
excretion. In control rats, 15% of excreted ammonium was se-
creted between base and tip collecting duct sites. In contrast, no
net transport of ammonium was detected along the collecting
duct in high-K+ rats. The decrease in collecting duct ammo-
nium secretion in hyperkalemia was associated with a decrease
in the NH3 concentration difference between vasa recta and
collecting duct. The fall in the NH3 concentration difference
across the collecting duct in high-K+ rats was due entirely to a
decrease in INH3I in the medullary interstitial fluid, with no
change in [NH3J in the collecting duct. These results indicate
that impaired accumulation of ammonium in the medullary in-
terstitium, secondary to inhibition of ammonium absorption in
the medullary thick ascending limb, may play an important role
in reducing collecting duct ammonium secretion and urinary
ammonium excretion during chronic hyperkalemia. (J. Clin.
Invest. 1992.90:1443-1449.) Key words: collecting duct acidifi-
cation * countercurrent multiplication - hyperkalemic metabolic
acidosis * loop of Henle * urinary ammonia excretion
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Changes in systemic potassium balance have an important in-
fluence on urinary net acid excretion, predominantly through
effects on urinary ammonium excretion ( 1-3).' Potassium re-
tention and clinical hyperkalemia are associated with a de-
crease in urinary ammonium excretion that is thought to con-
tribute to the metabolic acidosis that accompanies a variety of
pathologic conditions, such as mineralocorticoid deficiency
and chronic renal insufficiency (2-8). Based on the observa-
tions that an increase in extracellular potassium concentration
decreased ammonium synthesis by renal cortical slices, renal
cortical tubule suspensions, and isolated, perfused proximal
tubules (9-1 1 ), it had generally been assumed that the decrease
in urinary ammonium excretion with hyperkalemia was the
result of a decrease in ammoniumproduction and secretion by
the proximal tubule. Recently, however, we have shown that
dietary K+ loading sufficient to cause chronic hyperkalemia in
rats markedly reduced renal ammonium production and uri-
nary ammonium excretion, with no significant effect on either
net ammonium secretion by or ammonium delivery out of the
proximal convoluted tubule (12). These findings suggested
that- the decrease in ammonium excretion in hyperkalemia
may be the result of an impaired ability to transfer the ammo-
nium secreted by the proximal tubules to the final urine.

A possible mechanism by which hyperkalemia could im-
pair transfer of ammonium to the urine was identified in stud-
ies of isolated, perfused medullary thick ascending limbs from
rats. Active absorption of NH4+ by the medullary thick ascend-
ing limb plays an important role in transferring the ammo-
nium produced by proximal tubules from loops of Henle to
collecting ducts in the renal medulla (13, 14). Specifically,
medullary thick ascending limb NH' absorption drives an am-
monium countercurrent multiplier that results in high concen-
trations of NH3in the medullary interstitial fluid and generates
the transepithelial NH3concentration difference that drives se-
cretion of ammonium into medullary collecting ducts ( 13-
15). Active absorption of NH' by the medullary thick ascend-
ing limb in vitro was markedly inhibited when the K+ concen-
tration in perfusion and bath solutions was increased over the
physiological range (16, 17). Because medullary K+ levels are
greatly increased with dietary K+ loading (18), we proposed
that chronic hyperkalemia may diminish urinary ammonium
excretion by inhibiting NH' absorption in the medullary thick
ascending limb and impairing transfer of ammoniumto medul-
lary collecting ducts ( 16, 17).

1. In this article, as in previous papers (see references 12 and 13), the
terms ammoniumand total ammonia are used interchangeably to indi-
cate the sum of NH' and NH3. When mechanisms of ammonium
transport are discussed, the chemical formulas NH'4 and NH3are used
to indicate the particular species transported.
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The present study was designed to examine directly
whether chronic hyperkalemia alters the transfer of ammo-
nium to collecting ducts in the renal medulla. Micropuncture
experiments were performed to investigate the effects of
chronic hyperkalemia on ammonium accumulation and col-
lecting duct ammonium secretion in the inner medulla of the
rat in vivo. The results show that chronic K+ loading reduces
net secretion of ammonium into the medullary collecting
ducts, and that the decrease in the driving force for ammonium
secretion is the result of a decrease in accumulation of ammo-
nium in the medullary interstitial fluid.

Methods

Male Munich-Wistar rats weighing 100-180 g were placed on a vita-
min-fortified K+-deficient diet (AIN-76, modified; ICN Biochemicals,
Cleveland, OH) and divided into two groups based on dietary K+ sup-
plementation. Control (normal K+ diet) rats received the basic diet
supplemented to contain 0.6 g KC1/ 100 g food. High-K+ rats received
the basic diet supplemented with 15 g KCl/ 100 g food. Each group
received the diet for 7-13 d before experiments. Rats were pair-fed as
previously described ( 12) to insure equivalent food intake and similar
weight gain. Both groups had free access to tap water throughout the
treatment period.

Anesthesia was induced by intraperitoneal injection of Inactin
(Byk-Gulden, Constance, FRG), 100 mg/kg body weight. The rats
were maintained at 370C on a heated table and prepared surgically for
micropuncture of the exposed renal papilla as previously described ( 15,
19). The left kidney was exposed through a flank incision, immobilized
in a Lucite cup with 3%agar in saline, and bathed continuously with
mineral oil warmed to 370C. Surgical fluid losses were replaced in
control rats by intravenous administration of saline-bicarbonate ( 120
mMNaCl, 25 mMNaHCO3, 4 mMKCl) equal to 1% body weight
over 15 min. This solution was then infused at a rate of 1.5% body wt/h
for the duration of the experiment. High-K+ rats were treated identi-
cally except that the infusion solution contained 140 mMNaCl and 10
mMKCl. After surgery was completed, [methoxy-3H]inuli n was
added to the infusion solution and administered at a rate of 150 uCi/h.

Clearance measurements and papillary micropuncture were begun
1 h after the start of the inulin infusion. Urine from the right, un-
touched kidney was collected into preweighed tubes via a bladder cath-
eter for determination of whole kidney glomerular filtration rate, urine
pH, and electrolyte excretion rates. Arterial blood samples were col-
lected to bracket urine collection periods. Tubule fluid from the base
and tip of the papillary collecting duct and blood from the vasa recta
capillaries were collected using sharpened micropipets as previously
described ( 15, 19). Vasa recta samples generally were collected from a
point midway between the base and tip collecting duct sites. In situ pH
for base and tip collecting duct and vasa recta capillaries was measured
with single-barreled glass-membrane microelectrodes ( 15 ). The length
of the exposed papilla between base and tip collecting duct sites was
measured at the end of experiments with an ocular micrometer.

Analysis. Arterial blood acid-base values and concentrations of
Na+ and K+ in arterial plasma and bladder urine were measured using
standard techniques ( 12, 15). Urine pH was measured with a micro-
combination pH electrode (Microelectrodes, Inc., Londonderry, NH).
Urine volume was determined by weighing. Inulin radioactivity in arte-
rial plasma, urine, and micropuncture samples was quantitated by liq-
uid scintillation counting using Ready-Solv (Beckman Instruments,
Inc., Palo Alto, CA). The radioactivity of micropuncture samples was
determined on a volume of each sample measured in a calibrated con-
stant-bore capillary. Vasa recta plasma was evaluated for contamina-
tion with collecting duct fluid or papillary urine as previously described
(15 ). Samples were discarded if the vasa recta inulin concentration
exceeded that in systemic plasma by > 5% of collecting duct inulin
concentration. Total ammonia concentration in arterial plasma, urine,

and papillary micropuncture samples was measured by microfluoro-
metry using the glutamate dehydrogenase reaction as described previ-
ously in detail ( 15, 20).

Calculations. Right kidney glomerular filtration rate (GFR) was
calculated as the product of urine flow rate and urine/arterial plasma
inulin concentration ratio. Sodium, potassium, and ammoniumexcre-
tion rates were calculated as the products of urine flow rate and ion
concentration. To obtain a quantitative estimate of ammonium trans-
port along the collecting duct, absolute rates of ammonium delivery
(Am, ,gmol / min) to base and tip collecting duct sites were calculated as
Am= ([Am].GFR)/(TF/P),1, where [Am] is total ammonia con-
centration and (TF/P)1& is tubule fluid/arterial plasma inulin concen-
tration ratio.2 The net rate of ammonium transport along the collecting
duct in individual rats was calculated as the difference between base
and tip delivery rates.

Concentrations of NH3 in base and tip collecting duct and vasa
recta were determined by measuring total ammonia concentrations
and in situ pH values in different structures of the same animal. A
mean pH and total ammonia concentration was determined for each
structure from the results of one to three measurements in each rat.
NH3 concentrations for base and tip collecting duct and vasa recta
plasma were calculated from meanpH values and meantotal ammonia
concentrations as [NH3] = [Am]/( 1 + l0P(a -pH), where pKa' is the
negative log of the dissociation constant for ammonium. pKa' values
calculated in our previous study for medullary structures of control rats
were: base collecting duct 9.049, tip collecting duct 9.055, vasa recta
9.070 (15). These values were used in the present study for both con-
trol and high-K+ rats. Because pKa' is dependent on ionic strength, this
analysis assumes that the ionic strength of medullary structures is simi-
lar in control and high-K+ rats. In support of this assumption: (a) Na'
and NH' concentrations are reduced while K+ concentration is in-
creased at the base and tip of the collecting duct of high-K+ rats, result-
ing in total cation concentrations and osmolalities that are within

20% of values in controls ( 18, 21, 22; and see Table III), and (b)
Na+ concentration, K+ concentration, and osmolality differ by < 15%
in vasa recta plasma of control and high-K+ rats (18). As discussed
previously ( 15), a small over- or underestimate of ionic strength has
negligible impact on calculated NH3 concentrations in medullary
structures. For each medullary structure, NH3 concentrations deter-
mined in individual rats were averaged to obtain the group means
presented in Table IV (q.v.). Differences in NH3 concentration were
evaluated by making paired comparisons of NH3concentrations deter-
mined in different structures in the same animal. Differences between
means were evaluated using the t test for paired or unpaired data, as
appropriate. A P value of < 0.05 was regarded as statistically signifi-
cant.

Results

Body weight, arterial blood acid-base values, and plasma elec-
trolytes are summarized in Table I. Mean body weight at the
time of experiments did not differ in control and high-K+ rats
(Table I). Body weight measured before placement on the ex-
perimental diets (125±10, control vs. 133±9 g, high-K+; NS)
and total weight gain over the 7-1 3-d dietary treatment period
(25±5, control vs. 16±4 g, high-K+; NS) also did not differ in
the two groups. In rats on the high-K+ diet, arterial blood pH
and HCO3concentration were reduced and plasma K+ con-
centration was increased compared with controls (Table I).
Plasma Na+ and total ammonia concentrations did not differ
in the two groups.

Renal function data for the right, untouched kidney are
summarized in Table II. Glomerular filtration rate and Na+

2. Abbreviation used in this paper: (TF/P)1, tubule fluid/arterial
plasma inulin concentration ratio.
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Table I. Body Weight and Arterial Blood Measurements

Blood Plasma
Body

wt pH PCO2 HCO- [Na+] [K+J [Am]

g U mmHg mM mM mM mM

Control (11) 150±6 7.30±0.01 42.3±0.7 20.0±0.4 146±1 4.5±0.1 0.07±0.01
High K+ (10) 149±6 7.26±0.02 39.6±1.5 17.0±0.4 145±1 6.6±0.4 0.08±0.01
P NS <0.05 NS <0.005 NS <0.001 NS

Values are means±SE. Numbers in parentheses are numbers of rats. Am, total ammonia. P values compare control vs. high K+ (unpaired t test).
NS, no significant difference.

excretion did not differ significantly in control and high-K+
rats. Urine pH, urine flow rate, and K+ excretion were in-
creased and urine ammonium concentration was reduced in
high-K+ rats compared with controls. Urinary ammonium ex-
cretion was reduced by 40% in the high-K+ rats (Table II).
These results are similar to those obtained in our previous
study in which rats received the same dietary treatments but
urine was collected from the micropunctured kidney via a ure-
teral cannula ( 12).

Micropuncture values for collecting duct and vasa recta. Mi-
cropuncture data for the base and tip of the collecting duct and
vasa recta are summarized in Table III. The length of the ex-
posed papilla between base and tip collecting duct was 2.8±0.2
mmin high-K+ rats and 2.5±0.1 mmin controls (P = NS). pH
fell along the collecting duct in control rats but did not differ at
base and tip collecting duct sites in high-K+ animals. pH values
measured at the base and tip of the collecting duct were higher
in high-K+ rats than in controls (Table III). Ammoniumcon-
centration and TF/PI, increased between the base and tip of
the collecting duct in both groups of rats. In high-K+ rats, the
ammonium concentration and the TF/Pin at base and tip col-
lecting duct were reduced compared with controls. The ammo-
nium concentration in vasa recta plasma also was reduced in
the high-K+ animals (Table III).

To assess net transport of ammonium along the collecting
duct, changes in ammonium concentration between base and
tip collection sites were factored for net water movement by
dividing by TF/Pin values. The resulting ratio [[Am]/(TF/
P)In I is a measure of the relative amount of ammonium deliv-
ered to base and tip collecting duct sites. The results are shown
in Fig. 1. In control rats, [Am]/(TF/P)In increased signifi-
cantly between base and tip, indicating that there was net secre-
tion of ammonium along the terminal portion of the inner
medullary collecting duct. The [Am]/(TF/P)in ratio rose from
1.03±0.07 at the collecting duct base to 1.18±0.07 at the tip (P

< 0.025), indicating that - 15% of excreted ammonium was
secreted along the collecting duct under control conditions. In
contrast, [Am]/(TF/P)mi did not differ significantly at the base
and tip collecting duct in high-K+ rats (Fig. 1 ). Thus, there was
no detectable net transport of ammonium along the collecting
duct during chronic hyperkalemia. Absolute rates of ammo-
nium transport along the collecting duct, calculated from base
and tip [Am]/(TF/P)In values and right kidney GFR (see
Methods), are shown for individual rats in Fig. 2. In control
rats, net secretion of ammoniumoccurred at a rate of- 127±41
,umol/min (n = 11 ). In high-K+ rats, the net ammoniumtrans-
port rate (57±39 ,umol/min, n = 10) differed significantly
from that observed io controls (Fig. 2) but did not differ signifi-
cantly from zero. Thus, net secretion of ammonium along the
collecting duct was abolished by chronic potassium loading.

NH3 concentrations in inner medulla. To determine
whether the reduction in collecting duct ammonium secretion
in high-K+ rats was associated with a decrease in the NH3con-
centration difference across the collecting duct, NH3 concen-
trations were determined at the base and tip of the collecting
duct and in vasa recta plasma in individual rats. The results are
summarized in Table IV (mean values) and Fig. 3 (individual
data). In both control and high-K+ rats, the NH3 concentra-
tion at the collecting duct base did not differ from that at the
collecting duct tip (Table IV, left). Thus, a mean collecting
duct NH3concentration was calculated for each rat as the arith-
metic mean of the base and tip values (CD, Table IV). Neither
the mean collecting duct NH3concentration nor the NH3con-
centrations measured at the base and tip differed significantly
in control and high-K+ rats. In contrast, the NH3 concentra-
tion in vasa recta plasma was significantly reduced in the high-
K+ animals (Table IV). The fall in vasa recta NH3concentra-
tion was the result of a decrease in total ammonia concentra-
tion, with no change in vasa recta pH (Table III).

To assess NH3concentration differences across the collect-

Table II. Right Whole-Kidney Data

Urine analysis Excretion rate

GFR pH Flow rate [Am] Na' K+ Am

mil/min U ,l/min mM umol/min

Control (1 1) 0.84±0.05 5.31±0.03 5.4±0.3 217±21 0.36±0.08 1.0±0.1 1.1±0.1
High K+ (10) 0.75±0.07 5.73±0.10 9.4±0.9 76±7 0.29±0.04 3.1±0.4 0.67±0.04
P NS <0.001 <0.001 <0.001 NS <0.001 <0.001

Values are means±SE. Numbers in parentheses are numbers of rats. GFR, glomerular filtration rate. Amand P values as in Table I.
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Table III. Micropuncture Data

Base collecting duct Tip collecting duct Vasa recta

pH [Am] (TF/P), pH [Am) (TF/P). pH [Am]

U mm U mM U mm

Control 5.74±0.04 (8) 66.8±7.7 (10) 66.3±7.1 (10) 5.60±0.03* (10) 139.2±19.5* (10) 119.9±17.3* (10) 7.28±0.04 (8) 8.4±0.8 (9)
High K+ 6.06±0.06 (10) 44.4±5.4 (10) 37.8±3.7 (10) 6.01±0.03 (10) 64.0±8.8* (10) 58.1±6.6* (10) 7.27±0.05 (7) 6.0±0.5 (6)
P <0.001 <0.05 <0.005 <0.001 <0.005 <0.005 NS <0.05

Values are means±SE. Numbers in parentheses are numbers of rats. [Am], total ammonia concentration in collecting duct fluid or vasa recta
plasma. (TF/P),, tubule fluid/arterial plasma inulin concentration ratio. * Tip collecting duct value significantly different from base (paired t
test). P values as in Table I.

ing duct, the NH3concentration in vasa recta plasma (a mea-
sure of the NH3 concentration in medullary interstitial fluid)
was compared with the mean collecting duct NH3 concentra-
tion determined in the same animal. The results of these paired
experiments are shown in Fig. 3 and in Table IV (right). In
both control and high-K+ rats, the NH3 concentration in the
vasa recta was significantly greater than the mean NH3concen-
tration in the collecting duct (Fig. 3). The mean difference in
NH3concentration between the vasa recta and collecting duct
was significantly reduced in the high-K+ rats compared with
controls (A[ NH3J, Table IV). As shown in Fig. 3 and Table IV,
the decrease in the NH3 concentration difference across the
collecting duct in high-K+ rats was due to a fall in NH3concen-
tration in the medullary interstitium, with no change in NH3
concentration in the medullary collecting duct. The NH3con-
centration in the collecting duct remains unchanged in the high
K+ rats, despite a decrease in collecting duct total ammonia
concentration, because the fall in total ammonia concentration
is offset by an increase in collecting duct pH (Table III).
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the metabolic acidosis that accompanies a variety of clinical
disorders, such as renal insufficiency and type 4 renal tubular
acidosis (2-8). The present study was designed to examine
directly whether hyperkalemia reduces urinary ammoniumex-
cretion through effects on ammonium transport processes in
the renal medulla. The results demonstrate that chronic hyper-
kalemia has several important medullary effects. First, dietary
potassium loading was associated with a decrease in accumula-
tion of ammonium in the renal medullary interstitium, as evi-
denced by a significant decrease in both Nl3 and NH' concen-
trations in vasa recta plasma (Tables III and IV, Fig. 3). Sec-
ond, the NH3 concentration difference between medullary
interstitial fluid and inner medullary collecting duct was re-
duced in hyperkalemia (Table IV, Fig. 3), indicating a reduc-
tion in the driving force for entry of NH3 into the collecting
duct lumen. Third, the fall in the NH3concentration difference
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perkalemia is believed to play an important causative role in

400 r
0

300 I

200 F
Control

P<0.025

[Am]

(TF/P)ln

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

[Am]

(TF/P)ln

0.21
0.0 I A

base tip base tip

Figure 1. [Am]/(TF/P)I values for base and tip collecting duct of
control and high-K+ rats. All values are in millimolar. Data points
(.) are mean values for individual rats. Lines connect paired values
obtained in the same rat. Pvalues are for base vs. tip (paired t test);
NS, no significant difference.
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Figure 2. Net rates of ammonium transport along the collecting duct
of control and high-K+ rats. Rates were calculated as described in
Methods. Mean values are given in Results. Collecting duct length
was 2.5±0.1 mmin controls and 2.8±0.2 mmin high-K+ (P = NS).
Data points (e) are for individual rats. P value is for control vs. high-
K+ (unpaired t test).

1446 T. D. DuBose, Jr., and D. W. Good



Table IV. NH3 Concentrations in Medullary Structures

Collecting duct

Base Tip Vasa recta CD A[NH3]

AM AM JM AM AM

Control (8) 42±9 47±10 135±17 44±9 92±19*
NS

High K+ (6) 48±10 51±9 90±9 50±8 40±8*
NS

P <0.05 NS <0.05

Values are means±SE for paired experiments in which vasa recta, base collecting duct, and tip collecting duct NH3 concentrations were deter-
mined in individual rats. ME, mean collecting duct NH3concentration determined by averaging base and tip concentrations; A[NH3], difference
between vasa recta NH3concentration and CDin paired experiments. NS, no significant difference between base and tip NH3concentrations
(paired t test). * A[NH3J significantly different from zero. Numbers in parentheses and P values as in Table I.

across the collecting duct was associated with a marked de-
crease in collecting duct ammonium secretion (Figs. 1 and 2).
Fourth, the decrease in the NH3 concentration difference
across the collecting duct was due entirely to the fall in NH3
concentration in the medullary interstitial fluid, with no
change in NH3 concentration in the collecting duct lumen.
Taken together, these results indicate that an impaired ability
to accumulate ammonium in the medullary interstitial fluid
plays an important role in reducing collecting duct ammonium
secretion and urinary ammoniumexcretion during chronic hy-
perkalemia. These effects of hyperkalemia on medullary am-
monium transport are discussed below in the context of our
current understanding of the mechanisms of renal ammonium
excretion.

Ammonium excreted in the urine is produced predomi-
nantly in the renal cortex in the proximal tubules and secreted
into the proximal tubule lumen ( 13, 23). Ammoniumdeliv-
ered out of the proximal tubules is then transferred to the final
urine via a pathway in the renal medulla that involves counter-
current multiplication of ammonium in the loop of Henle,
accumulation of ammonium to high concentrations in the
medullary interstitial fluid, and secretion of ammonium into
the medullary collecting ducts ( 13, 14). Changes in the rate of
urinary ammonium excretion may be accomplished through
regulation of proximal tubule ammonium production and se-
cretion and/or through regulation of the medullary transport
processes that transfer ammonium to the final urine. The ef-
fects of systemic potassium balance on renal ammonium ex-
cretion traditionally have been attributed to effects of potas-
sium on production and secretion of ammoniumby the proxi-
mal tubules ( 1-7, 9-1 1 ). However, we demonstrated recently
in the rat in vivo that chronic hyperkalemia markedly reduced
urinary ammonium excretion but had no effect on net secre-
tion of ammonium by the proximal convoluted tubule (12).
Because delivery of ammoniumfrom the proximal convoluted
tubule to the loop segment was similar in control and high-K+
rats, we suggested that the major regulatory effect of chronic
hyperkalemia may be to diminish the transfer of ammonium
from loops of Henle to collecting ducts in the renal medulla
( 12). The present study provides direct support for this view,
indicating that both medullary ammonium accumulation and
collecting duct ammonium secretion are impaired by dietary
K+ loading.

Ammoniumaccumulates in the renal medulla to concen-
trations much greater than those in the renal cortex as the result

of a countercurrent system in the loop of Henle that is analo-
gous to the countercurrent multiplier for NaCl ( 13, 14). The
energy source for countercurrent multiplication of ammonium
is active absorption of NH' by the thick ascending limb ( 13,
14, 17, 24, 25). In support of this view, furosemide has been
shown to abolish both net ammoniumabsorption by the thick
ascending limb in vitro (24, 26) and the corticomedullary gra-
dient for ammonium in vivo (27). Changes in medullary am-
monium accumulation could result from changes in ammo-
nium transport processes in the loop of Henle and/or from
changes in proximal tubule ammoniumsecretion that alter the
rate at which ammonium is delivered to the countercurrent
multiplier.3 Dietary K+ loading in rats had no effect on delivery
of ammonium out of the proximal convoluted tubule (12).
Thus, the decrease in medullary ammonium accumulation in
chronic hyperkalemia likely is the result of an alteration in
ammonium transport by the loop of Henle.

A mechanism by which hyperkalemia could impair loop
ammonium transport and medullary ammonium accumula-
tion was identified previously in studies with isolated, perfused
medullary thick ascending limbs ( 16, 17). Absorption of NH+4
by the thick ascending limb occurs predominantly by second-
ary active transport, mediated by substitution of NH' for K+
on the apical membrane Na+-K+-2Cl- cotransporter ( 14, 16,
17, 25, 28). Increasing potassium concentration from 4 to 24
mMin luminal and peritubular solutions markedly inhibits
active NH' absorption in the rat medullary thick ascending
limb in vitro, most likely due to competition between NH' and
K+ on Na+-K+-2Cl- cotransport system (16, 17). Potassium
concentrations much greater than those observed to inhibit
medullary thick ascending limb NH' absorption in vitro are
present in loop of Henle and medullary interstitial fluid during
dietary potassium loading in vivo ( 18). Consequently, an ef-

3. Several observations support the view that the fall in medullary inter-
stitial ammonium concentration in the high K+ rats is unlikely to be
the result of a generalized medullary washout: (a) total renal blood
flow and total renal plasma flow were unaffected by dietary K+ loading
( 12); (b) we observed no significant difference in vasa recta to arterial
plasma inulin concentration ratio in control and high-K+ rats ( 1.9±0.2
[9], control vs. 2.2±0.2 [6], high-K+; P= NS); (c) Battilana et al. ( 18)
found no significant effect of chronic dietary K+ loading on vasa recta
plasma osmolality, despite an increase in urine flow rate and a decrease
in inner medullary collecting duct TF/PI,, ratios in the high K+ group
similar to those observed in the present study.
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Figure 3. Comparison of NH3concentration in vasa recta with mean
NH3concentration in collecting duct (CD) in control and high-K+
rats. CDwas calculated as the arithmetic mean of base and tip values
(see text). Data points (e) are NH3 concentrations determined in
individual rats from measured pH and total ammonia concentrations.
Lines connect paired values obtained in the same rat. P values are
for vasa recta vs. CD(paired t test).

fect of elevated medullary K+ levels to impair medullary thick
ascending limb NH'+ absorption and ammonium counter-
currxent multiplication could account for the reduced medul-
lary ammonium accumulation seen with chronic hyperkale-
mia in the present study. Whether chronic hyperkalemia may
influence other ammonium transport processes in the loop seg-
ment, such as secretion of ammonium into the proximal
straight tubule or diffusion of NH' across the thin ascending
limb ( 13, 14, 29), is not known.

An important consequence of the effect of chronic hyper-
kalemia to impair medullary ammonium accumulation is a
decrease in the driving force for secretion of ammonium into
the medullary collecting ducts. Collecting ducts synthesize rela-
tively little ammonium ( 13, 23, 30, 31 ), so that secretion of
ammonium into collecting ducts occurs by transepithelial
transport. Studies with isolated, perfused tubules have demon-
strated that secretion of ammonium in all segments of the col-
lecting duct occurs by the combination of NH3 diffusion and
active H+ secretion ( 13, 14, 31 ). The transepithelial NH3con-
centration difference that drives secretion of ammonium into
the medullary collecting ducts in vivo is largely the result of the
high concentrations of ammonium generated in medullary in-
terstitial fluid by countercurrent multiplication ( 14, 15). The
present study shows that chronic hyperkalemia reduced both
the NH3concentration difference across the medullary collect-
ing duct and the rate of collecting duct ammonium secretion.
In addition, the decrease in the transepithelial NH3concentra-
tion difference was due entirely to a decrease in NH3concen-
tration in the medullary interstitial fluid, with no change in
NH3 concentration in the collecting duct lumen. These obser-
vations support the view that an effect of K+ to impair counter-
current trapping of ammonium through inhibition of NH4
absorption in the medullary thick ascending limb may play an
important role in reducing collecting duct ammonium secre-
tion and urinary ammonium excretion during chronic hyper-
kalemia. Although a decrease in the transepithelial NH3 con-

centration difference and net ammoniumsecretion was demon-
strated only for the terminal inner medullary collecting duct,
we believe that the impairment of countercurrent multiplica-
tion would reduce interstitial ammonium levels along the en-
tire medullary axis, resulting in impaired secretion of ammo-
nium along both outer and inner medullary collecting duct
segments.

In addition to chronic hyperkalemia, several other condi-
tions have been identified in which regulation of ammonium
accumulation in the renal medulla appears to contribute to the
control of urinary ammonium excretion. In chronic metabolic
acidosis, an increase in medullary ammonium accumulation
increases the NH3 concentration difference across the medul-
lary collecting duct and consequently increases collecting duct
ammonium secretion ( 15). The increase in medullary ammo-
nium accumulation in chronic acidosis can be attributed both
to an increase in delivery of ammonium to the loop of Henle
from the proximal tubule ( 13 ) and to an adaptive increase in
the capacity of the medullary thick ascending limb to absorb
ammonium (32). In selective aldosterone deficiency, a de-
crease in medullary ammonium trapping, possibly due to the
associated hyperkalemia, likely contributes to the impairment
in medullary collecting duct ammonium secretion and urinary
ammonium excretion (8). Conversely, in humans with
chronic potassium depletion due to primary aldosteronism, an
increase in medullary ammonium levels secondary to stimula-
tion of NH' absorption in the medullary thick ascending limb
was invoked to explain why partitioning of ammonium be-
tween urine and renal venous blood was maintained despite an
increase in urine pH (33). Finally, a direct correlation between
the corticomedullary ammonium gradient and the rate of uri-
nary ammonium excretion has been observed in rats in several
conditions, including water diuresis and deprivation (27),
NaHCO3loading (27, 34), and osmotic diuresis (34, 35).
These observations suggest that the transport processes respon-
sible for medullary ammonium accumulation play an impor-
tant role in controlling urinary ammonium excretion. As dis-
cussed above, regulation of ammoniumabsorption in the med-
ullary thick ascending limb may be an important element
underlying the relationship between medullary ammoniumac-
cumulation, collecting duct ammonium secretion, and urinary
ammonium excretion.

In addition to the decrease in medullary interstitial NH3
concentration, other factors may contribute to the decrease in
collecting duct ammoniumsecretion in the high-K+ rats. In the
hyperkalemic rats, no net transport of ammonium was ob-
served along the collecting duct despite the presence of a trans-
epithelial NH3 concentration difference favoring NH3 secre-
tion. Two possible explanations for this observation are: (a)
that net secretion of ammonium occurred, but at a rate too
small to detect due to the variability inherent in calculating and
comparing base and tip [Am]/(TF/P)I,, and (b) that diffu-
sional entry of NH3 was opposed by net efflux of NH' from
collecting duct lumen to medullary interstitium, resulting in no
net ammonium transport. It is not known whether chronic
hyperkalemia may influence NH' transport across the medul-
lary collecting duct, or whether a high luminal or peritubular
K+ concentration may directly affect collecting duct ammo-
nium secretion.

An ancillary finding in the present study was an increase in
pH at the base and tip of the collecting duct (Table III) and in
urine from the right, untouched kidney (Table II) in the high-
K+ rats. Concurrently we observed a decrease in net entry of
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NH3 into the collecting duct, a change that by itself would be
expected to diminish collecting duct pH. The combined result
of an increase in pH and a decrease in net ammonium secre-
tion suggests that net H' secretion by the collecting duct was
impaired in the hyperkalemic rats. Further studies of the effects
of dietary K+ loading on medullary collecting duct acidifica-
tion will be required to test this possibility directly.

In summary, our previous demonstration that chronic hy-
perkalemia reduced urinary ammonium excretion but had no
effect on proximal convoluted tubule ammonium secretion
suggested that hyperkalemia may influence ammonium excre-
tion through effects on medullary ammonium transport events
( 12). The results of the present study demonstrate directly that
chronic hyperkalemia induced by dietary K+ loading impairs
both accumulation of ammonium in the medullary interstitial
fluid and secretion of ammonium into the medullary collecting
ducts. The decrease in medullary ammonium accumulation is
most likely the result of impaired countercurrent multiplica-
tion of ammoniumdue to inhibition of ammoniumabsorption
in the medullary thick ascending limb by high medullary K+
levels ( 16, 17). The decrease in collecting duct ammonium
secretion is the result of a decrease in the NH3 concentration
difference across the collecting duct that is due entirely to a fall
in NH3concentration in the medullary interstitial fluid. These
findings indicate that the effect of chronic hyperkalemia to
reduce urinary ammonium excretion is due at least in part to a
defect in the transfer of ammonium to collecting ducts in the
renal medulla.
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