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Efflux of potassium (**Rb") attenuates the volume-restorative
effect of sodium-amino acid cotransport in rat renal inner
medullary cells shrunken by exposure to hyperosmotic media
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When the osmolality of the bathing medium was increased from 710 to 2000 mosmol /kg H,O, cclls in incubated slices of rat
renal inner medulta lost water and K *, und the rate of cfflux of preloaded ¥ Rb* (a tracer for K*) was significantly depressed.
Addition of 2-aminoisobutyric acid (AIB, 10 mmol /1) partly restored cell water content but without re-accumulation of K*; the
rate of *Rb* cfflux was greatly increased. The presence of Ba®* (1 mmol/1) or trifluoperazine (50 pmol/1) led to complete
recovery of ccll volume and K* contents, with markedly reduced cfflux of **Rb*. Neither additive had any significant cffect
upon these variables in the absence of AIB or in media of 710 mosmol/kg. Efflux of *Rb* was pH-scnsitive within the
physiological range, and was depressed when external AIB was reduced below approx. 5 mmol/l. When external Na* was
increascd from 145 to 500 mmol/| (total osmolality 350 to 2500 mosmol /kg) cfflux was rc\drdcd only sllghlly |f AIB was prescm.
but markedly if AIB was omitted. lnncr medullary cclls may contain a class of Ba**-inhil
conductive pathway which is activated in strongly hyp ic media by the ion of an i dly-directed Na* -ammo acid
symport (cf. Law, R.O. (1988) Pfliigers Arch. 413, 43-50) and which serves to mod the vol ive effect of this
membrane mechanism.

Introduction solutes contribute to medullary cellular osmoprotection
in vivo (for discussion see Ref. 7).

Cells in the mammalian renal medulla are con- Antidi is in intact Is (c.g., resulting from
fronted with a unique probl»m in regard to mainte- dehydration) is often of gradual onset (days), but ap-
nance of volume, since the NaCl and urea concentra- propriate experimental manoeuvres can lead to marked
tions in medullary interstitial fluid, and hence its osmo- increases in inner medullar fluid osntolality and hy-
fality, are highly variabie depending on the diuretic dropenia within as short a time as 30 min [9,10]. In the
state of the animal [2-4). During the transition from acutely oliguric rat this increase is accompanied by
normal hyd to antidiuresis, inner medullay cells significant accumulation of tissue amino nitrogen [10],
in the intact animal probably undergo moderate but other organic solutes, methylamines and polyhydric
shrinkage (see, for example, Ref. 5); that this is far less alcohols, up-regulate too slowly to afford osmoprotec-
than would be predicted or the basis of perfcet osmo- tion under these conditions [11-13), and the possibility
metric behaviour is largely due to the intracellular must be considered that, at least in the short-term,

lation of low mol weight organic solutes entry of extracellular solute (NaCl) contributes to the
{6-8]. 1t remains unclear to what extent inorganic maintenance of osmotic potential and cell volume.

Moreover, cells in incubated slices of rat renal inner
medulla display only moderate shrinkage when ex-
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tion of an inwardly-directed Na*-amino acid symport
[1). This partial recovery of volume is associat :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- it ically-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®* or quinine,
there is near-complete restoration of cell volume and
K* to levels ¢ ble with those observed
under mildly hyperosmotic conditions. Failure of cells
to re-accumulate K* in strongly hypcrosmotic media
appears to be causally linked to Na*-amino acid co-
transport, since Ba?* 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 *Rb* from
pre-loaded slices under various incubatory 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 przsent paper, k
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The following additions and substitutions were
made, individually or in combiration as specified in the
relevant sections of Results:

(i) AIB, 10 mmol /] except where stated otherwise.

(i) Ba** (1 mmol/l). In these media HCOj,
H,PO; and SO~ were replaced by equimolar NOy
and pH adjusted by Tris with 100% O, as the gas

phase.

(iii) Cd?* (0.1 mmol/1). Anion substitutions and pH
adjustments were the same as in the presence of Ba?*,

(iv) TFP (50 pmol/1) (Aldrich Chemical Co.).

(v) TMB-8 (0.5 mmol /1) (Sigma Chemical Co.).

(vi) Verapamil (10 wmol/1) (Sigma Chemical Co.).

(vii) Na* and urea were altered so as to give media
in the concentration 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 mmol/1 by
equimolar substitution for Na*.

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

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 {luid compartment of each
slice {14), as determined by the volume of distribution
of {1C; (A 1 Inter I plc) 25 min

were derived from an entirely scparate investigation.

Methods

Slices of inner meculla (thickness approx. 250 pm,
weight 3-12 mg) were prepared from the kidneys of
normally hydrated adult male Wistar rats, sacrificed by
cervical dislocation as previously described [1). (The
term inner medulla is here used to denote that region
of the kidney lying between the lower extremity of the
inner stripe of the outer (red) medulla and the based
of the papillary tip), They were blotted, and weighed to
the nearest S50 ug on a torsion balance before being
equilibrated for approx. 30 min in a medium of the
following composition (mmol/l): Na* 203, K* 5.9,
Ca?* 2.6, Mg?* 1.2, CI~ 167, HCOj 25, H,PO; 2.2,
SO2~ 1.2, pyruvate 9.6, fumarate 5.3, glucose 10, urea
266, gassed with 95% (3,/5% CQ, to pH 7.35 at 37°C.
The osmolality of this medium is 710 1/kg H,0,
and approximates to the calculated osmolality of fluids
from the inner medullas of normally hydrated rats [18].
Slices were then transferrvd {except where specified
otherwise) for 100 mir to media of 2000 mosmol /kg
(simulating fluid from inner medullas of antidiuretic
rats). This increase in »smolality was achieved by rais-
ing concentrations of Na* (43) mmol/l), CI- (364
mmol /1) and urea (1172 mmol,1).

after addition to media at an activity of approx. 20
kBg/ml. Contents were expressed as ul/mg s.f.d.w. of
tissue (volume) and nmol/mg s.fdw. (K*). Where
iate, K* ions are given as mmol /L

The second series of experiments followed the efflux
of *Rb* (Amersham International plc), which consid-
ered a tracer for K* ions, from pre-loaded (100 min)
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 at 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 but not rinsed.
8Rb* 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
%Rb* content. Efflux media were contained in vigor-
ously agitated polypropylene tubes. Since gassing was
found to be impracticable under these conditions,
HCOj was replaced, both in loading and efflux media,
by equimolar NOj7, 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 *Rb* 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
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volume which does occur when the major anion, C1~ is
replaced by NOj in the presence of 10 mmol/I AIB
[1D. Rates of net efflux were expressed as percentage
total counts remaining (initially 100%) on a semi-loga-
rithmic basis with respect to time.

Determinations of ccll volumes and K* contents,
and of rate constants for Rb* efflux, were made in
identical series of media (with the of the

TABLE 1

Rate constants for the 2nd phase of net “Rb* efflux from pre-loaded
rat renal inner medullary slices, and corresponding steady-state cell
volumes and K * contents

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

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 **Rb*, 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 *Rb*
from preloaded slices inwo media of 710 mosmol/kg,
and 2000 mosmol/kg with or without the addition of
10 mmol/1 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 assumcd that these represent
primarily efflux from the extracellular compartment.
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Fig. 1. The efflux of ""Rb“ from pre-loaded slices of inner medulla,
ona -] ic basis as counts remain-

ing with respect to time, into media of 710 mosmol/kg (0), 2100
mosmol/kg (&) and 2000 mosmol/kg containing 2- ammmsobulync

Medium k Cell volume Celi K*
i (1074s7")  (ul/mgsfdw) (nmol/mgsfdw.)
(mosmol /kg)
710 1614004 (6 4.03+0.11 (9) 499115 (9)
710+AIB 158100 (6) 4.09£0.11(11) SO5+10(11)
2000 1.204£0.02(5) 2.85+£009(12) 398+11(12)
2000+AIB  1.88+0.03(6) 3.39+0.10(10) 421114 (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 lic within the
range (1.3-1.5) 10~ s =", They thus exceed by approx-
imately one order of itude the rate for
the 2nd phase (10-60 min) effluxes reported in Tables
1-1V, and it is reasonable to infer that they do not
significantly influence the latter, which were in all
instances rectilinear and are assumed to represent loss
of cellular *Rb*. It can be seen that whereas an

in i Y lality fiom 710 to 2000
mosma!l/kg led to a marked slowing of net 2nd phase
8Rb? efflux, k decreasing from (1.61 +0.04)-10~¢
571 (6) to (1.20 £ 0.02)- 107 s~ (6) (P <0.001), the
rate of efflux was significantly accelerated ((1.88 +
0.03)- 1074 ™! (6); P < 0.001) 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 1, 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 **Rb* 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 AIB led to
highly significant partial restoration of cell volume
(P <0.001). K*, , failed to late sig-
nificantly, and this was d with the i d
rate of ®Rb* efflux. The accompanying fall in mean
intracellular K* ations from 138 to 122
mmol/1 may be ascribed to dilution of the residual
cellular K* by the osmotically obligated water entering
the cells secondarily o activation of the Na*-amino
acid symport.

Table 11 shows that Ba2* jons, 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 1/kg or of 2000 mosmol/kg in the ab-

acid (10 mmol/I) (0}. Each point is the mean of six
Rate constants (k) for the second (linear) phases are quantified in
Table I.

sence of AIB, When AIB was added to the latter
media, *Rb* efflux was markedly decreased (P<



TABLE Il

Rate constants for the 2nd phase of net “*Rb* efjlux from pre-loaded
rat renal inner medullary slices, and con esponding steady-state cell
volumes and K * contents in the preseice of Ba®* (1 mmol /1)

AIB was 10 mmol/I. Values are mean'i4:S.E., n = number of stices
studied.
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TABLE IV

Rate constants of the 2nd phase of net *°Rb* efﬂux fmm pre-lnaded
rat renal inner llary slices and dy cell
volumes and K * comems in media of 2000 mosmol / kg containing
additives ially affecting the availability of i lular free Ca**
(viz. Cd®* (0.1 mmol /1), verapamil (10 pmol /1), TMB-8 (0.5 mmol
/1) and a combination of all three (at the same concentrations)}

Medium k Cell volume Cell K* All media contained AIB (10 mmol/l). Values are means+S.E.,

osmolality  (107%s~")  (ul/mgsfdw.) (nmol/mgs.fdw.) n=number of slices studjed.

(mosmol /kg)

710+Bal* 155£002(6) 3922013011 489212011 k-, _,, Celivlume  CellK*
2000+Ba?*  1272002(6) 292£007(13) 402£10(13) M *sh  (ul/mgsidw.) (mol/mgsfdw.)
2000+ Ba?* Ca™ ioms  1.79:0.04(6) 349£0.12(2) 429 13(12)
+AIB  106:003(6) 395:0.12(12) 488+ 9(12) Verapamil  1.84£0.04(6) 348+0.i4 (9) 418415 (9)

TMB-8 1.83:£003 (6) 336£009(11) 420£13(11)
Cd2+

0.001) and cell vol and K* i d to il

levels comparable with those observed in media of 710 +TMB  1.13+003(6) 463+008(15) S511+12(15)

mosniol /kg.

The effects of TFP, an inhibitor of calmodulin acti-
vation [20], were qualitatively comparable to those of
Ba?*, and are shown in Table III. Like Ba?*, TFP was
without significant effect on "Rb* 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 depressing *Rb* efflux.

Table 1V summarizes the effects of agents known to
block the entry of Ca?* into certain cell types, viz.
Cd?* jons and verapamil (for references, see Refs. 21
and 22) and of TMB-8, which is reported to inhibit the
release of Ca®* 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 I-IV, the correlation between
these variables was not studied under the conditions
whose effects on ®Rb* efflux are reported below.

TABLE 111

Rate constants for the 2ne! phase of net °Rb* efflux from pre-loaded
rat renal inner medullary slices, and corresponding steady-state cell
volmes and K+ contents in th: presence of TFP (50 gmol /1)

AIB was 10 mmol/l. Values are means+8S.E., # = number of slices
studied.

Medium k Cell volume CellK*
osmolality  (i07%s~!)  (ul/mgsfdw) (nmol/mgs.fdw.)
{mosmol/kg)

710+ TFP  1.60+0.03(6) 4.09+0.14 (9 521+16 (9
20004+ TFP  1.254003(6) 2.88+0.08(13) 383+10(13)
2000+ TFP

+AIB  09010.03(5) 421+0.13(12) 516+14(12)

Fig. 2 shows the relationship between **Rb* efflux
and ambient pH in media of 2000 mosmol/kg contain-
ing 10 mriol/1 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 10 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 /1. Increasing the
concentration above 5 minol/l produced no further
significant effect.

In Fig. 4 arc shown the relationships between *Rb*
efflux and medium Na* concentration with and with-
out the addition of 10 mmol/1 AIB. The Na* concen-
tration ranged from 145 to 500 mmol/l, and, as ex-
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Fig. 2. The relationship between extracellular pH and the rate
constant of 2nd phase of efflux of ®Rb* from pre-loaded slices of
mner medulh into medium of 2000 mosmol/kg containing 2-
ic acid (10 mmol/1). Points are mear. 1 S.E. (n = 6).
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Fig. 3. The ionship between 1 ion of 2-

aminoisobutyric acid and the rate constant of the 2nd phase of ettlux
of 8Rb* from pre-loaded inner medultary slices into media of 2000
mosmol/kg. Points are mean +S.E. (n = 6).

plained in Methods, accompanying urca concentrations
were adjusted to vary the osmolality from 350 to 2500
mosmol/kg. Thus, in terms of Na* and urea concen-
trations, and total osmolality, the media used in this
series of experiments simulated those in the medullary
tissues of rats under conditions ranging form diuresis
to severe antidiuresis. It can be seen that the decrease

in the rate of ®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 mmoi /1 in media of 2000 mosmol /kg,
with or without addition of AIB, significantly increased
steady-state cell volumes (with AIB 4.04 + 0.14(8)
ul/mg sfdw.; AlB-free, 3.35 + 0.11(9) nl/mg sf.dw.,
P <0.005). Cell K* contents increased (with AIB. 457
+ 10(8) nmol/mg s.fd.w.; AlB-free, 433 + 9(9)
nmol /mg s.f.d.w.) but remaincd rot significantly differ-
ent. The rate constants for net efflux of "Rb* re-
mained far higher in the presunce of AIB than in
AlB-free medxa ((1.95 +£0.04)- 107 57! (6) and (1.26
+0.03)-107* s~ (6), respectively, P <0.001) and did
not differ signiﬁcamly from those in media containing
5.9 mmol/I K*.

Discussion

The present findirgs 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 mediura (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 influcnced the electrical driv-
ing force for net cellular K* cxtrusion. No relevant
data is presently available which could enable this
possibility to be pursued further. K* efflux is blocked
by Ba®* ions (Tabie 11), requires the activation of
calmodulin (Table IID), and the availability of Ca®*
ions, (Since no attempt has here beea made to charac-
terize cellular Ca®* entry pathways, inferences regard-
ing the source of these ions must clearly be made with
caution; but the data summarized in Table IV suggest
that they may be derived from the cx\ernal medium or
from i {lular stores), E dullary celi 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-
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Fig. 4. The ip between HNular Na*
and the rate constant of the 2nd phase of **Rb* efflux from
pre-loaded inner medullar slices into media with (solid triangles) or
without (open triangles) the addition of 2-aminoisobutyric acid (10
mmol/1). The d ities of the i jon media ranged
between 350 and 2500 mosmol/kg (see text). Points are mean +S.E.
(n=6),

dc d K* ch Is in other cell types which are
responsive to swelling or stretching of the plasma
membranes (e.g.,, Refs. 24-27). Meduliary cells proba-
bly also contain K* of the latter type (cf. the data in
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Fig. 4, in which efflux progressively i as tonic
stress on cells is reduced by decreasing the external
Na* concentration). But from inspection of Tables
I-1V it is clear that K™ efflux is not simply dependent
upon ccll volume per se. Thus while an increase in
external osmolality from 710 to 2000 mosmol/kg, in
the absence of amino acid, leads {0 pari passu de-
creases in cell volume and K* contents and slowing of
K* efflux (Table I and Fig. 4) which are unaffected by
Ba?* ions (Table 1) or inhibition of calmodulin activa-
tion by TFP (Tabie HI), 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 and in the presence of
Ba?* ions, TFP, and agents potentially influencing the
availability of Ca** jons (Table 1V). Inner meduliary
tissue comprises a heterogeneous population of cell
types, and although they are faced with common prob-
lems of volume regulation, there is no vortainty that
they necessarily utilize identical strategies in surmount-
ing them. However, as has been stresscd previously in a
similar experimental context [1), if t'ie responses de-
scribed in this swudy are lacking in purt or parts of the
cell population, it it reasonable to :nfer that they are
present in a more prorounced form in other celis.
The problem arises of placing the present observa-
tions into a rea-istic physiological context. As suggested
in the Introduction, ¢fflux of K* under strongly hyper-
osmotic conditions — i.e., the shedding of solute and
hence osmotically obligated water - may represent
cells’ contribution to the generalized reduction in tis-
sue hydration which occurs during severe antidiuresis.
If the loss of K* is blocked by Ba>*, 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 710 mosmol /kg.
Enhanced K* efflux in hyperosmotic medlia appears to
be significantly d upon the presznce 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 interpreted 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 20600
mosmol/kg clearly cannot be regarded as ‘swolleit’ in
the normal sense of the word, those exposed to amino
acid neverthelsss display relative augmentation of cell
water content, by comparison with cells in amino acid-
free media (Table I), which is associated with increased
cellular entry of Na* (and secondarily CI7) [1]. Low
concentrations of AIB (< 5 mmol/1) 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], and although when the concentra-
tion of Na* is increased from 200 to 400 mmol/I

y 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 represent one means whereby these
cells can further augment their Na* content (hence
osmotic potential).

Incubations in mcdia 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 vclumes
and K* contents, the same triad of relationships per-
sisted as in low-K* media, viz. the presence of AIB (i)
significantly increased cell volumes, (ii) 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 1o be de-

dent upon an i in llular Na* concen-
tration, Medullary cells incubated in high-Na* media
have high internal cc ion dless of whett

amino acid (which is necessary for activation of en-
hanced K* efflux, Fig. 1 and Table I) is present or not
[14]. Cotransport activity increases cell Na‘* content
but not ion, since additional Na* entry is
accompanied by parallel entry of osmotically-obligated
water [1].

References

1 Law, R.O. (1988) Pfliigers Arch. 413, 43-50.

2 Ruiz-Guinazu, A., Arrizurietla, EE. and Yelinek, I (1964) Am.
1. Physiol. 206, 725-730.

3 Saikia, T.C. (1965} Q. J. Exp, Physiol. 50, 146-157.

4 Gaidner, K.D. and Vierling, 1.M. (1969) Am, J. Physiol. 217,
58-64,

5 Beck, F., Dorge, R, Rick, R. and Thurau, K. (1985) Pfiiigers
Arch. 405 (Suppl. 1), S28-832.

6 Gullans, S.R., Blumenfeld, J.D., Balschi, J.A.. Kaleta, M., Bren-
ner, R.M,, Heilig, C.V. and Hebert, S.C. (1988) Am. J. Physiol.
255, F626-F634.

7 Beck, F.X., Dorge, R., Thurau, K. and Guder, W.G. (1990) in
Cell Volume Regulation (Beyenbach, K.W., ed.), pp. 132-158,
Karger, Basel.

8 Law, R.O. and Burg, M.B. (1991) in Volume and Osmolality
Control in Animat Cells (Gilles, R., Hoffmann, E.K. and Bolis,
L., eds.), pp. 189-225, Springer-Verlag, Berlin, Heidelberg.

9 Hai, M.A. and Thomas, S. (1969) Pfliigers Arch. 310, 297-319.

10 Law, R.O. (1991) Pfliigers Arch. 418, 442-446.




192

11 Blumenfeld, J., Hebert, 8., Heilig, G.W., Daischi, J.A., Stromski,
M.E. and Gullans, S.R. (1989) Am. I. Physiol. 256, F916-F922.

12 Schmolke, M., Beck, F.X. and Guder, W.G. (1989) Am. J. Phys-
iol. 257, F732-F737.

13 Garcia-Perez, A. and Burg, M.B. (1991) J. Membr. Biol. 119,
1-13.

14 Law, R.O. (1987) Biochim. Biophys. Ac'a 931, 276285,

15 Law, R.O. and Rowen, D. {1981} J. Physici. (Lona.) 311, 341-354,

16 Law, R.O. (1989) J. Physiol. (Lond.) 410, 25P.

17 Law, R.O. (1990) J. Physiol. (Lond.} 420, 150P.

18 Law, R.O. and Turner, D.P.J. (1987) J. Physiol. (Lond.) 386,
45-61.

19 Latorre, R., Oberhauser, A., Labarca, P. and Alvarez, O. (1989)
Annu. Rev. Physiol. 51, 385-399.

20 Weiss, B., Prozialeck, W., Cimono, M., Barnette, M.S. and Wal-
lace, T.L. (1980) in Calmodulin and Cell Function (Watterson,
D.M. and Vincenzi, F.F., eds.), Ann. N.Y. Acad. Sci, 356, 319-345.

21 Hagiwara, S. and Byerly, L. (1981) Annu. Rev. Neurosci. 4,
69-125.

22 Miller, R.J. (1987) Science 235, 46-52.

23 Matsumoto, T., Takeshige, K. and Minakami, S. (1979) Biochim.
Biophys. Res. Commun, 88, 974-979.

24 Eveloff, J.L. and Warnock, D.G. (1987) Am. J. Physiol. 252,
F1-F10.

25 Ubl, J., Murer, H., and Kolb, H.-A. (1988) J. Membr. Biol. 104,
223-232.

26 Hoffmanr, EXK. and Simonsen, L.O. (1989) Physiol. Rev. 69,
315-382.

27 Sackin, H. (1989) Proc. Natl. Acad. Sci. USA 86, 1731-1735.

28 Grasset, E., Gunter-Smith, P. and Schultz, S.G. {1983} 1. Membr.
Biol. 71, 89-94.

29 Brown, P.D. and Sepulveda, F.V. (1985) J. Physiol. (lond.) 363,
271-285.

30 Kristensen, §..0. {1986) Am. J. Physiol. 251, G575-G584.

31 MacLeod, R.J. and Hamilton, J.R. (1991) Am. J. Physiol. 260,
G26-G33.

32 Dantzler, W.H. and Silbernagl, S. (1988) Am. J. Physiol. 255,
F397-F407.

33 Dantzler, W.H. and Silbernagl, S. (1990) Am. J. Physiol. 258,
F504-F513.

34 Saubermann, AJ., Dobyan, D.C., Schied, V.L. and Buiger, RE.
(1986) Kiduey Int. 29, 675~681.

35 Martin, A.R. and Dryer, S.E. {(1989) Q. J. Exp. Physiol. 74,
1033-1041.



