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Efflux of potassium (86 Rb ÷) attenuates the volume-restora tire 
effect of sodium-amino acid cotransport in rat renal inner 
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When the osmolality of the bathing medium was increased from 71(1 to 2000 mosmol/kg HzO, cells in incubated slices of rat 
renal inner medulla lost water and K *, and the rate of efflux of preloaded St'Rb+ (a tracer for K +) was significantly depressed. 
Addition of 2-aminoisobutyrie acid (AIB, 10 mmol/I) partly restored cell water content but without re-accumulation of K+; the 
rate of ~'Rb + efflux was greatly increased. The presence t)f Ba 2÷ (1 mmol/I) or trifluoperazine (50 ~mol/I)  led to complete 
recovery of cell volume and K + contents, with markedly reduced efflux of St'Rb+. Neither additive had any significant effect 
upon these variables in the absence of AIB or in media of 710 mosmol/kg. Efflux of St'Rb+ was pH-sensitive within the 
physiological range, and was depressed when external AIB was reduced below approx. 5 mmol/I. When external Na + was 
increased from 145 to 500 mmol/I (total osmolality 350 to 2500 mosmol/kg) efflux was retarded only slightly if AIB was present, 
but markedly if AIB was omitted. Inner medullary cells may contain a class of Ba'-+-inhibitable, calmodulin-dependent K + 
conductive pathway which is activated in strongly hyperosmotic media by the operation of an inwardly-directed Na+-amino acid 
symport (cf. Law, R.O. (1988) Pfli~gers Arch. 413, 43-50) and which serves to moderate the volume-restorative efti~.et of this 
membrane mechanism. 

Introduction 

Cells in the mammalian renal medulla are con- 
fronted with a unique prob)em in regard to mainte- 
nance of volume, since the NaCI and urea concentra- 
tions in medullary interstitial fluid, and hence its osmo- 
lality, are highly variable depending on the diuretic 
state of the animal [2-4]. During the transition from 
normal hydration to antidiuresis, inner medullary cells 
in the intact animal probably undergo ,noderate 
shrinkage (see, for example, Ref. 5); that this is far less 
than would be predicted o.n the basis of perfect osmo- 
metric behaviour is largely due to the intracellular 
accumulation of low molecular weight organic solutes 
[6-8]. It remains unclear to what extent inorganic 
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solutes contribute to medullary cellular osmoprotection 
in vivo (for discussion see Ref. 7). 

Antidiuresis in intact animals (e.g., resulting from 
dehydration) is often of gradual onset (days), but ap- 
propriate experimental manoeuvres can lead to marked 
increases in inner medullar fluid osmolality and hy- 
dropenia within as short a time as 30 min [930]. In the 
acutely oliguric rat this increase is accompanied by 
significant accumulation of tissue amino nitrogen [10], 
but other organic solutes, methylamines and polyhydric 
alcohols, up-regulate too slowly to afford osmoprotec- 
tion under these conditions [l 1-13], and the possibility 
must be considered that, at least in the short-term, 
entry of extracellular solute (NaCI) contributes to the 
maintenance of osmotic potential and cell volume. 
Moreover, cells in incubated slices of rat renal inner 
medulla display only moderate shrinkage when ex- 
posed to media of 2000 mosmol /kg  H 2 0  containing 
high concentrations of NaCI and urea, which is associ- 
ated with a large increase in cell Na + content and a 
moderate fall in K + content [14]. The extent of cell 
shrinkage is further reduced if amino acid is present in 
the incubatory medium, probably through the activa- 



tion of an inwardly-directed Na+-amino acid symport 
[1]. This partial recovery of volume is assoe',a~ ~.d with a 
further increase in cell Na + content, but there is no 
accompanying restoration of ceil K +, and intracellular 
K + concentration decreases. It has been suggested [1] 
that this failure to re-accumulate osmotically-active K + 
is a mechanism preventing these cells from too rigidly 
maintaining their volumes under conditions in which, 
in the intact animal, medullary tissue is required to 
tolerate marked reduction in overall hydration (see, for 
example, Ref. 15). In the presence of Ba 2+ or quinine, 
there is near-complete restoration of cell volume and 
K + contents, to levels comparable with those observed 
under mildly hyperosmotic conditions. Failure of cells 
to re-accumulate K ÷ in strongly hypvrosmotic media 
appears to be causally linked to Na+-amino acid co- 
transport, since Ba 2+ is without effect on cell volume 
or K + content if external amino acid is reduced to very 
low concentrations [1]. 

This paper describes some features of volume-mod- 
ulatory loss of K + by renal inner medullary cells in 
vitro, as reflected in rates of efflux of 86Rb+ from 
pre-loaded slices under various i:acubatory conditions, 
and correlation of these with steady-state cell volumes 
and K + contents in slices similarly incubated. 

The results of a small number of comparable studies 
have previously been published as abstracts [16,17]. 
The findings described in the pc:sent paper, however, 
were derived from an entirely scl;~arate investigation. 

Methods 

Slices of inner medulla (thb:kaeus approx. 250/zm, 
weight 3-12 mg) were prepared from the kidneys of 
normally hydrated a0ult male Wistar rats, sacrificed by 
cervical dislocation as previously described [1]. (The 
term inner medulla is here used t:o denote that region 
of the kidney lying between the k~wer extremity of the 
iymer stripe of the outer (red) medulla and the based 
of the papilla~,y tip). They were bl0,tted, and weighed to 
the nearest 50 p.g on a torsion balance before being 
equilibrated Ibr approg. 30 rain in a medium of the 
following composition (retool/I): Na + 203, K + 5.9, 
Ca 2+ 2.6, Mg 2+ 1.2, CI- 167, HCO~ 25, H2PO ~" 2.2, 
SO~- 1.2, pyruvate 9.6, fumarate 5.3, glucose 10, urea 
266, gassed with 95% 0 2 / 5 %  CO 2 to pH 7.35 at 37°C. 
The osmolality of this medium is "I10 mosmol/kg H20, 
and approximates to the calculated osmolality of fluids 
from the inner medullas of normally hydrated rats [18]. 
Slices were then transferred ~excep~ where specified 
otherwise) for 100 mir to media of 2000 mosmol/kg 
(simulating fluid from ~nner medullas of antidiuretic 
rats). This increase in .~smolalit'/,~,as achieved by rais- 
ing concentrations of Na + (4t;J mmol/I), CI- (364 
mmol/I) and urea (1172 retool/I). 
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The following additions and substitutions were 
made, individually or in combi,'ation as specified in the 
rele'~ant sections of Results: 

(i) AIB, 10 mmol/I except where stated otherwise. 
~ii) Ba 2+ (1 mmol/I). In these media HCO~, 

H2PO 4- and SO~- were replaced by equimolar NOZ 
and pH adjusted by Tris with 100% 0 2 as the gas 
phase. 

(iii) Cd 2+ (0.1 mmol/I). Anion substitutions and pH 
adjustments were the same as in the presence of Ba 2+. 

(iv) TFP (50/~mol/I) (Aldrich Chemical Co.). 
(v) TMB-8 (0.5 mmol/I) (Sigma Chemical Co.). 
(vi) Verapamil (10 #mol / l )  (Sigma Chemical Co.). 
(vii) Na + and urea were altered so as to give media 

in the conc~-ntration range 350 to 2500 mosmol/kg 
(Na + 145 to 500 mmol/I). 

(viii) In some experiments carried out in media of 
2000 mosmol/kg, K + was increased to 50 mmoi/ i  by 
equimolar substitution for Na +. 

(ix) Medium pH was altered between 6.85 and 7.85 
by addition of Tris, gas phase being 100% 0 2. 

Experiments were carried out under two general 
headings. In the first, steady-state cell volumes (water 
contents) and K + contents were determined as previ- 
ously described in detail [1]. Cell volumes were consid- 
ered to be the non-sucrose fluid compartment of each 
slice [14], as determined by the volume of distribution 
of [m4C]sucrose (Amersham International pie) 25 min 
after addition to media at an activity of approx. 20 
kBq/ml. Contents were expressed as / z l /mg  s.f.d.w, of 
tissue (volume) and nmol/mg s.f.d.w. (K+). Where 
appropriate, K + concentrations are given as mmol/l.  

The second series of experiments followed the efflux 
of Sf'Rb + (Amersham International plc), which consid- 
ered a tracer for K + ions, from pre-loaded (100 rain) 
slices into unlabelled but otherwise identically consti- 
tuted media. The activity of the loading media was 
approx. 185 kBq/ml. Loading and efflux both took 
place a'. 37°C. Serial samples of efflux media were 
taken at 1, 2, 5, 10, 20, 30, 40, 50 and 60 min intervals. 
Prior to efflux slices were briefly blotted hut not rinsed. 
S°Rh+ remaining within slices at 60 min was leached 
into 1 ml distilled water overnight at room temperature 
in order to allow determination of initial total slice 
~C'Rb+ content. Efflux media were contained in vigor- 
ously agitated polypropylene tubes. Since gassing was 
found to be impracticable under these conditions, 
HCO~ was replaced, both in loading and efflux media, 
by equimolar NO~, with pH being adjusted to 7.35 
with Tris: media were air-equilibrated. While it was 
clearly not possible to determine what effect replace- 
ment of HCO~ by NO~ might have had on the rates 
of "6Rb+ efflux, it was found in pilot experiments (not 
reported here) that this substitution does not signifi- 
cantly affect inner medullary cell volume or K + con- 
tent (in contrast to the significant reduction in cell 



188 

volume which does occur when the major anion, Cl- is 
replaced by NO~ in the presence of 10 mmol/l  AIB 
[1]). Rates of net effiux were expressed as percentage 
total counts remaining (initially 100%) on a semi-loga- 
rithmic basis with respect to time. 

Determinations of ceil volumes and K + contents, 
and of rate constants for S6Rh+ efflux, were made in 
identical series of media (with the exception of the 
methods of pH adjustment), except for those designed 
to examine the effects of AIB and Na + concentrations, 
and of external pH, on the efflux of 86Rb+, for which 
comparable estimations of cell volume and composition 
were not carried out. 

Results are expressed as mean + S.E. (n = number 
of individual observations). Statistical comparisons were 
made on the basis of Student's unpaired t-test, with 
P < 0.05 or better being considered significant. 

Results 

In Fig. 1 are shown the rates of net efflux of S6Rb+ 
from preloaded slices into media of 710 mosmol/kg, 
and 2000 mosmol/kg with or without the addition of 
10 mmoi/!  AIB. Standard errors have been omitted 
because (with a single exception) they would have been 
obliterated by the symbols. The 2-phase nature of the 
patterns of efflux was qualitatively identical under all 
conditions studied. No distinction could be made be- 
tween the initial rapid phases under differing incuba- 
tory conditions, and it is assumed that these represent 
primarily effiux from the extracellular compartment. 
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Fig. 1. The efflux of S6Rb+ from pre-loaded slices of inner medulla, 
expressed on a semi-logarithmic basis as percentage counts remain- 
ing with respect to time, into media of 710 mosmol/kg (o), 2~00 
mosmol/kg (~) and 2000 mosmol/kg containing 2-aminoisobutyric 
acid (10 retool/I) ([3). Each 9oint is the mean of six observations. 
Rate constants (k) for the second (linear) phases are quantified in 

Table I. 

TABLE ! 

Rate constants for the 2nd phase of net 86Rb + effiux from pre.loaded 
rat renal inner medullary slices, and corresponding steady.state cell 
volumes and K + contents 

A1B was 10 mmol/I. Values are mcans+S.E., n = number of slices 
studied. 

Medium k Cell volume Cell K + 
osmolality (10 -4 s -I) (pl/mgs.f.d.w.) (nmol/mgs.f.d.w.) 
(mosmol/kg) 

710 1.61±0.0~'(6~ 4.03±0.11 (9) 499±15 (9) 
710+AIB 1.58±0.0:(6) 4.09:t:0.11(11) 505±10(11) 

2 0 0 0  1.20±0.02(6) 2.85±0.09(12) 398±11(12) 
20D0+AIB 1.88±0.03(6) 3.39±0.10(10) 421:1:14(10) 

Although accurate calculaticns cannot be made on the 
basis of so few experimental points, rate constants 
during the initial 5 min can be shown to lie within the 
range (1.3-1.5). 10 -3 s -  m. They thus exceed by approx- 
imately one order of magnitude the rate constants for 
the 2nd phase (10-60 min) effiuxes reported in Tables 
I-IV,  and it is reasonable to infer that they do not 
significantly influence the latter, which were in all 
instances rectilinear and ,~re assumed to represent loss 
of cellular 86Rb% It can be seen that whereas an 
increase in incubatory osmolality flora 710 to 2000 
mosmc~I/kg led to a marked slowing of net 2nd phase 
S6Rb~ efflux, k decreasing from (1.61 + 0.04)" 10 -4 
s - t  (6) to  (1.20+0.02)' 10 ..4 s - t  (6)(P<0.001),  the 
rate of efflux was significantly accelerated ((1.88 + 
0.03)" 10 -4 s - '  (6); P < 0D~I) when AIB was added to 
the medium, i.e., under conditions when the Na +-amino 
acid symport is presumed to be activated. These data 
are included in Table I, in which they are correlated 
with cell volumes and K + contents under identical 
incubatory conditions. It can be seen that the presence 
of AIB was without effect on 86Rb+ efflux, cell volume 
or cell K + contents in media of 710 mosmol/kg. Con- 
versely, while imposition of several hyperosmotic con- 
ditions predictably caused marked losses or both cell 
volume and K + contents, the presence of A1B led to 
highly significant partial restoration of cell volume 
(P < 0.001). K +, however, faded to reaccumulate sig- 
nificantly, and this was associated with the increased 
rate of S6Rb÷ efflux. The accompanying fall in mean 
intracellular K + concentrations from 138 to 122 
mmol/! may be ascribed to dilution of the residual 
cellular K + by the osmotically obligated water entering 
the cells secondarily to activation of the Na+-amino 
acid symport. 

Table II shows that Ba 2+ ions, which block certain 
classes of K + channels (for review, see Ref. 19), did 
not affect any of the three variables studied in media 
of 710 mosmol/kg or of 2000 mosmol/kg in the ab- 
sence of AIB. When AIB was added to the latter 
media, S6Rh+ efflux was markedly decreased ( P <  



TABLE II 

Rate constants for the 2nd phase of net ~6Rb + e[flux from pre.loaded 
rat renal inner medullary slices, and con esponding steady.state cell 
volumes and K + contents in tbe Dreseilce of Ba 2+ (1 mmol/I)  

A1B was 10 mmol/I. Values are mean'; + S.E., n = number of slices 
studied. 

Medium k Cell volume Cell K + 
osmolality (10-4s -I) (/tl/mgs.f.d.w.) (nmol/mgs.f.d.w.) 
(mosmol/kg) 

710+Ba 2+ 1.55+0.02(6) 3.92+t'L13(tl) 489+.12(11) 
2000+Ba 2+ 1.27+.0.02(6) 2.92+.0.07(13) 402+.10(13) 
2000+na 2+ 

+AIB 1.06+.0.03(6) 3.95+.0.12(12) 488+. 9(12) 

0.001) and cell volumes and K ~ contents increased to 
levels comparable with those observed in media of 710 
mosmol/kg. 

The effects of TFP, an inhibitor of calmodulin acti- 
vation [20], were qualitatively comparable to those of 
Ba 2+, and are shown in "Table IlL Like Ba 2+, TFP was 
without significant effect on :~6Rb+ efflux or cell com- 
position in media of 710 or 2000 mosmol/kg in the 
absence of AIB, but when AIB was present caused 
marked enhancement of cell volume and K + contents, 
while significantly de,pressing 8~Rb+ efflux. 

Table IV summarizes the effects of agents known to 
block the entry of Ca 2+ into certain cell types, viz. 
Cd 2+ ions and verapamil (for references, see Rots. 21 
and 22) and of TMB-8, which is reported to inhibit the 
release of Ca 2+ from internal stores [23]. At the con- 
centrations used in this investigation, no single agent 
had any effect in isolation, but when all three were 
present there were highly significant decreases in the 
rate of efflux of ~Rb + as well as increases in cell 
volumes and K + contents. 

Figs. 2, 3 and 4 illustrate certain characteristics of 
net 2nd phase ~Rb + efflux. A relationship between 
efflux and cell water and K + contents having been 
established in Tables 1-1V, the correlation between 
these variables was not studied under the conditions 
whose effects oil 8SRb* efflux are reported below. 

TABLE Ill 
Rate constants for the 2no! phase of net St~Rb + efflux from pre.loaded 
rat renal inner medullary slices, and corresponding steady-state cell 
volumes and K + content~ in th! presence of TFP (50 F.mol/I) 

AIB was 10 mmol/l. Values are means+S.E., n = number of slices 
studied. 

Medium k Cell volume Cell K + 
osmolality (I,3-4 s- I) (p.I/mg s.f.d.w.) (nmol/mg s.f.d.w.) 
(mosmol/kg) 

710+TFP 1.60+0.03(6) 4.09+0.14 (9) 521+36 (9) 
2000+TFP 1.25+.0.03(6) 2.88+.0.08(13) 383+.10(13) 
2000+TFP 

+AIB 0.90+0.03(6) 4.21+0.13(12) 516+.14(12) 
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TABLE IV 
Rate constants of the 2nd phase of t~et aSRb + efflv.x from pre.loaded 
rat renal inner medullary slices and corresponding steady.state cell 
volumes and K + contents in media of  2000 mosmol / k g  containing 
additiues potentially affecting the availability of intracellular free Ca ~ * 
(viz. Cd 2 + (0.1 retool~I), veralJamil (10 I~mol / I), TMB.8 (0.5 mmol 
/ I) and a combination of all three (at the same concentrations)) 

All media contained AIB (10 retool/I). Values are means+S.E., 
n = number of slices studied. 

Cd 2+ ions 
Verapamil 
TMB-8 
Cd 2+ 

+verapamil 
+ TMB 

k Cell volume C¢11K + 
(1( -* s- i) (p.I/mg s.f.d.w.) (nmol/mg s.f.d.w.) 

1.79+0.04(6) 3.49+0.1202) 429:t:1.t(12) 
1.84+-0.04(6) '3.48+.0.I4 (9) 418+1t$ (9) 
1.83+.0.03(6) 3.36+.0.09(11) 420+.1:t(11) 

1,13±0.03(6) 4.63±0.08(15) 511+12(15) 

Fig. 2 shows the relationship between S6Rb + e f f i u x  

and ambient pH in media of 2000 mosmol/kg contain- 
ing 10 mmol/I AIB. Efflux displays a marked depen- 
dence on pH which is most pronounced in the range 
from approximately 7.25 to 7.4, i.e., close to normal 
physiological levels. Fig. 3 relates efflux to AIB concen- 
tration in media of 2000 mosmol/kg. Raising the con- 
centration markedly stimulated efflux: half-maximum 
stimulation occurred at about 2 mmol/i.  Increasing the 
concentration above 5 mmol/l  produced no further 
significant effect. 

In Fig. 4 arc shown the relationships between S6Rb+ 
effiux and medium Na + concentration with and with- 
out the addition of 10 mmol/!  AIB. The Na + concen- 
tration ranged from 145 to 500 retool/i, and, as ex- 
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Fig. 2. The relationship between extracellular pH and the rate 
constant of 2nd phase of effiux of ~Rb + from pre-loaded slices of 
inner medulla into medium of 2000 mosmol/k8 containing 2- 

aminoisobutyrlc acid (10 retool/I). Points arc meat + S.E. (n - 6). 
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Fig. 3. The relationship between extracellular concentration of 2- 
aminoisobutyric acid and the rate constant of the 2nd phase of etflux 
of SSRb+ from pre-loaded inner medullary slices into media of 200(I 

mosmol/kg. Points are mean + S.E. (n = 6). 

plained in Methods, accompanying urea concentrations 
were adjusted to vary the osmolality from 350 to 2500 
mosmol/kg. Thus, in terms of Na + and urea concen- 
tlations, and tot'd osmolality, the media used in this 
series of experiments simulated those in the medullary 
tissues of rats under conditions ranging form diuresis 
te severe antidiuresis. It can be seen that the decrease 
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Fig. 4. The relationship between extracelhdar Na + concentration 
and the rate constant of the 2nd phase of 8ORb + efflux from 
pre-loaded inner medullar, slices into media with (solid triangles) or 
without (open triangles) the addition of 2-aminoisobutyric acid (I0 
retool/I). The calculated osmolalities of the incubation media ranged 
between 350 and 2500 mosmol/kg (see text). Point~ are mean :1: S.E. 

(n = 6), 

in the rate of ~t'Rb ÷ efflux with increasing Na + con- 
centration is far less steep in the presence of AIB than 
when AIB was omitted. 

In confirmation of a previous report [16], raising 
external K ÷ to 50 mmol/I in media of 2000 mosmol/kg, 
with or without addition of All3., significantly increased 
steady-state cell volumes (with AIB 4.04+0.14(8) 
/zl/mg s.f.d.w.; AIB-free, 3.35 :t: 0.11(9)/zl/mg s.f.d.w., 
P < 0.005). Cell K + contents increased (with AIB, 457 
+ 10(8) nmol /mg s.f.d.w.; AIB-free, 433 + 9(9) 
nmol/mg s.f.d.w.) but remained not significantly differ- 
ent. The rate constants for net efflux of ~t'Rb+ re- 
mained far higher in the presence of AIB than in 
A1B-free media ((1.95 + 0.04). 10 -4 s -t  (6) and (1.26 
+ 0.03). 10 -4 s -t  (6), respectively, P < 0.001) and did 
not differ significantly from those in media containing 
5.9 mmol/I K +. 

D i s c u s s i o n  

The present findings are consistent with the sugges- 
tion that rat renal inner medullary cells contain a 
population of K + (Rb +) channels which influence cell 
volume (water content) and are activated by the opera- 
tion of inwardly-directed Na÷-amino acid cotransport 
under strongly hyperosmotic conditions. The latter re- 
quirement is inferred from the finding that Rb:  efflux, 
cell volume and K ÷ contents are unaffected by the 
presence of AIB in relatively dilute medium (710 
mosmol/kg) (Table I). Although the behaviour of 
medullary cells are described in this paper is consistent 
with the presence of such channels, two cautionary 
points must be made. Firstly, there is no certainty that 
in this tissue the cellular fluxes of K + are necessarily 
identical with those for tracer Rb +. Secondly, it is 
conceivable that some of the experimental manoeuvres 
under taken could have influenced the electrical driv- 
ing force for net cellular K + extrusion. No relevant 
data is presently available which could enable this 
possibility to be pursued further. K + efflux is blocked 
by Ba z÷ ions (Table I1), requires the activation of 
calmodulin (Table liD, and the availability of Ca 2+ 
ions. (Since no attempt has here been made to charac- 
terize cellular Ca 2+ entry pathways, inferences regard- 
ing the source of these ions must clearly be made with 
caution; but the data summarized i~t Table IV suggest 
that they may be derived from the external medium or 
from intracellular stores). Enhanced medullary cell K + 
efflux appears to be unique in that it is activated under 
conditions in which cells have undergone a reduction 
in their volume (by comparison with volumes in media 
of lower osmolality (Table 1)), in contrast to the well- 
documented K + channels in other cell types which are 
responsive to swelling or stretching of the plasma 
membranes (e.g., Refs. 24-27). Medullary cells proba- 
bly also contain K + of the latter type (cf. the data in 



Fig. 4, in which efflux progressively increases as tonic 
stress on cells is reduced by decreasing the external 
Na + concentration). But from inspection of Tables 
i - IV it is clear that K + efflux is not simply dependent 
upon cell volume per se. Thus while an increase in 
external osmolality from 710 to 2000 mosmol/kg, in 
the absence of amino acid, leads ;.o pari passu de- 
creases in cell volume and K + contents and slowing of 
K + efflux (Table 1 and Fig. 4) which are unaffected by 
Ba 2+ ions (Table ID or inhibition of calmodulin activa- 
tion by TFP (Tabie liD, addition of amino acid to 
media of 2000 mosmol/kg reveals a strong negative 
co:relation K + efflux and cell K" and water contents, 
both under control conditions ar,~d in the presence of 
Ba 2+ ions, TFP, and agents potentially influencing the 
availability of Ca 2+ ions (Table IV). Inner medullary 
tissue comprises a heterogeneous population of cell 
types, and although they are faced with common prob- 
lems of volume regulation, there is no c..~rtainty that 
they necessarily utilize iden(ical strategies in surmount- 
ing them. However, as has been stressed previously in a 
similar experimental context [1], if the responses de- 
scribed in this s~udy are lacking in p;~rt or parts of the 
cell population, it i,~. reasonable to ~nfer that they are 
present in a me, re pronounced form ia other cells. 

The problem arise. ~, of placing the present observa- 
tions into a rc~qstic physiological context. As suggested 
in the Introduction, cfflux of K + under strongly hyper- 
osmotic con,4aions - i.e., the shedding of sohlte and 
hence osmotically ooligated water - may represent 
cells' contribution to the generalized red,action in tis- 
sue hydration which occurs during severe antidiuresis. 
If the loss of K + is blocked by Ba 2+, TFP or restricted 
availability of Ca .'.+ , cells exposed to media of 2000 
mosmol/kg retain volumes and K + contents compara- 
ble with those observed in media of 71U, mosmol/kg. 
Enhanced K + efflux in hyperosmotic media appears to 
be significantly dependent upon the presence of exter- 
nal amino acid (Fig. 4). Amino acid-dependent K + 
efflux has been observed in a variety of epithelial cells 
(e.g., refs. 28-31) and maybe interprc,.~ed as a regula- 
tory volume decrease in response to transient cell 
swelling caused by entry, of excess osmotically active 
solute. While cells incubated in media of 2000 
mosmol/kg clearly cannot be regarded as 'swollen' in 
the normal sense of the word, those exposed to amino 
acid nevertheless display relative augmentation of cell 
water content, by comparison with ceils in amino acid- 
free media (Table !), wifich is associated with increased 
cellular entry of Na + (and secondarily CI-)  [1]. Low 
concentrations of AIB ( < 5 mmol/I) have less stimula- 
tory effect on inward Na" transport [1] and associated 
K + efflux (Fig. 3). Sign:ficant concentrations of amino 
acids are believed to be present in the intact medullary 
interstitium [32,33], anti although when the concentra,, 
tion of Na + is increased from 200 to 400 mmol/I 
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incubatory media (simulating conditions of severe an- 
tidiuresis in vivo) there are large increases in medullary 
cell Na + concentration and contents [14], amino acid 
cotransport may repr(sent one means whereby these 
cells can further augment their Na + content (hence 
osmotic potential). 

lncubatio,~ in media containing 50 mmol/l K + 
were performed in view of reports that medullary inter.. 
stitial K + concentrations increase markedly in antidi- 
uresis (e.g., Refs. 5 and 34). Although high concentra- 
tions of external K + led to increases in cell volumes 
and K + contents, the same triad of relationships per- 
s~sted as in low-K + media, viz. the presence of AIB (i) 
significantly increased cell volumes, (it) failed to ele- 
vate cell K + contents, and (iii) greatly accelerated K + 
efflux. 

The question now remains as to how hyperosmotic, 
amino acid-dependent cellular entry of Na + is causally 
linked to the loss of cell K + which effectively attenu- 
ates the volume-restorative effect of such entry. One 
possibility, currently under investigation in this labora- 
tory, is that medullary cells possess a class of K + 
conductive pathway activated by high internal Na + 
concentration, of the type which has been identified in 
certain excitable cells {for review see Ref, 35). This 
idea is attractive, but unlikely to provide a complete 
answer. Na+-activated K + channels appear to be de- 
pendent upon an increase in intracellular Na + concen- 
tration. Medullary cells incubated in high-Na + media 
have high internal concentrations regardless of whether 
amino acid (which is necessary for activation of en- 
hanced K + efflux, Fig. I and Table I) is present or not 
[14]. Cotransport activity increases cell Na + content 
but not concentration, since additional Na + entry is 
accompanied by parallel entry of osmotically-obligated 
water [1]. 
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