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Abstract. In frog red blood cells, K-Cl cotransport (i.e., spect to transported Kions. The residual, ouabain-
the difference between ouabain-resistant K fluxes in Clresistant K fluxes in NO, were only 5-10% of the total
and NQ,) has been shown to mediate a large fraction ofand were well fitted to linear regressions. The rate cor

the total K transport. In the present study, €l
dependent and Glindependent K fluxes via frog eryth-

stants for the residual influxes were not different fron
those for K effluxes in isotonic [0.014 hr') and hy-

rocyte membranes were investigated as a function opotonic (10.022 hr?) media, but cell swelling resulted in

external and internal K([K*], and [K'];) concentration.
The dependence of ouabain-resistant-@pendent K
(8®Rb) influx on [K*], over the range 0—-20 mfitted the

Michaelis-Menten equation, with an apparent affinity

(K,» of 8.2 £ 1.3 nm and maximal velocity (., Of

10.4 + 1.6 mmol/l cells/hr under isotonic conditions.

Hypotonic stimulation of the Cldependent K influx

increased bothK,, (12.8 £ 1.7 nm, P < 0.05) andV,,.«
(20.2 + 2.9 mmol/l/hrP < 0.001). Raising [K], above
20 mv in isotonic media significantly reduced the ™€l

a significant increase in the rate constants.

Key words: Erythrocytes — Potassium-chloride co-
transport — Potassium affinity — Cell volume

Introduction

The K-CI cotransporter has been identified in a widt

dependent Kinflux due to a reciprocal decrease of the variety of animal cells. The properties of this cotrans

external N& ([Na'].) concentration below 50 m Re-
placing [N&], by NMDG* markedly decreased,,, (3.2
+ 0.7 mmol/l/hr,P < 0.001) and increasd(],, (15.7 £ 2.1
mmM, P < 0.03) of Cr-dependent K influx. Moreover,
NMDG™ CI substitution for NaCl in isotonic and hypo-
tonic media containing 10 mn RbCI significantly re-
duced both Rbuptake and K loss from red cells. Cell
swelling did not affect the Nadependent changes in
Rb" uptake and K loss. In a nominally K(Rb")-free
medium, net K loss was reduced after lowering [Na
below 50 mu. These results indicate that over 50um

porter have been intensively investigated mainly in re
blood cells of different species (for reviesgelLauf et al.,

1992). There is significant variability between cells
among different species in the magnitude of ion fluxe
via the K-CI cotransporter and its sensitivity to transpor
and protein phosphatase/kinase inhibitors. One of the i
trinsic properties of this transporter is the activation b
cell swelling and involvement in cell volume regulation.
A great deal of research over the past ten years has be
focused on the study of regulation of K-Cl cotransport i
erythrocytes of some mammals (Kim et al., 1989; Kelle

[Na']. is required for complete activation of the K-Cl & Dunham, 1996; Bize et al., 1998). Although the func-:
cotransporter. In nystatin-pretreated cells with varioustional characteristics of K-Cl cotransport have been e
intracellular K, CI"-dependent Kloss in K'-free media  tensively investigated, the data concerning kinetic proy
was a linear function of [K];, with a rate constant of 0.11 erties of the transporter are limited to studies on hume
+0.01 and 0.18 + 0.008 ht (P < 0.001) in isotonic and  (Kaji & Kahn, 1985; Brugnara, 1989; Kaji, 1989) and
hypotonic media, respectively. Thus K-ClI cotransport insheep erythrocytes (Bergh, Kelley & Dunham, 199C
frog erythrocytes exhibits a strong asymmetry with re-Delpire & Lauf, 199h,h). These studies have demon-
strated that the Cldependent K fluxes have a relatively

low affinity for external and internal K and provide

evidence for functional asymmetry of K-Cl cotranspor

Correspondence toG.P. Gusev in these cells. Some uncertainty appears to exist rega
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ing the effect of cell swelling on the kinetic constants for mmol/l cell water assuming that the cell water content in frog eryth
Cl™-dependent K fluxes. rocytes is 63% under isotonic conditions (Gusev et al., 1997).

Our previous studies (Gusev, Agalakova & Lapin,
1995, 1997) have shown that @lependent K transport
mediates more than 50% of the total Kluxes across
frog erythrocyte membranes. This @ependent K
flux is stimulated by cell swelling and most Iikely rep- (_)uabain—insensi_tive ‘Kinflux was measured by conventional radioac-
resents K-C| cotransport activity. The purpose of thisnve tracer technique, usif§Rb as a tracer for K Aliquots of the cell

. . . . suspension of washed cells were diluted into the uptake incubatic
study was to investigate the kinetic parameters of the .. 1o 4 final hematocrit of 2-3%. Th&fRb (0.02-0.05 MBg/ml
K-CI cotransporter in frog red blood cells. Our data in- final) was added to the cell suspensions and uptak&Ris was mea-
dicate that the apparent affinity for external potassium ofsured over a 30-60 min, during which time was linear. After incuba
the K-ClI cotransporter is relatively high for'dnflux but  tion, cells were washed rapidly three times with an ice-cold saline ar
is extremely low for K efflux. Analysis of the kinetics were extracted with 10% trichloracetic acid. Aliquots of the uptake
of CI‘-dependent K transport shows that swelling in- media and supernatants were removed for determination of radioact

K* FLUXx MEASUREMENTS

creases th&/, ., and decreases the apparent affinity. A

striking finding in the present study was the observatio
that reducing external Nabelow 50 nv markedly in-
hibited both CT-dependent Kinflux and efflux in these
cells.

Materials and Methods

CELL PREPARATION

The experiments were performed on erythrocytes of frétgné tem-
poraria) in the period from November to March. The animals were

ity. The radioactivity of the samples was measured as Cerenkov r
diation directly in the aqueous medium using a RACBETA (LKB Wal-

nIac) liquid-scintillation spectrometer.

In experiments in which Rbsubstituted for K in the incubation
media, RB influx and K" efflux were measured simultaneously. The
experiments were performed with the same techniques as the infl
assay above. After incubation, aliquots of flux media were removed
determine the K concentrations. Cells were washed three times an
lysed with distilled water for determination of Rlzontent. To mea-
sure net K loss, frog erythrocytes were incubated in nominallyfkee
media for 30-60 min as described previously (Gusev et al., 1997
During 30—-60 min, the Kloss did not exceed 10% of the total cellular
K* content, was approximately linear, acdrresponded tehe rate of
K™ efflux from the cells. The net Kloss was calculated from the
change in potassium concentration in the flux media.

Sodium and potassium concentrations in cell lysates were me

kept in aquaria at a temperature of 2—-4°C. Red blood cells were obsured by flame photometry (Flapho model 40). Potassium concent
tained as reported before (Gusev, Agalakova & Lapin, 1995; Agala-tions in flux media and rubidium in cell lysates were determined b
kova et al., 1997). Occasionally, blood from two or three frogs wasemission flame spectroscopy (Perkin-Elmer model 370 Atomic absor
pooled. Red cells were gently washed by centrifugation three times irtion spectrophotometer).

standard chloride or nitrate saline, removing the buffy coat. Washed All flux experiments were performed at 20°C. Fluxes are ex
cells were resuspended at a hematocrit of 30-40% and incubated in thgressed in mmol K per liter original packed cell volume per hour

standard saline for 60 min at 20°C.

SOLUTIONS

The standard chloride saline comprised (im)n102 NaCl, 3 KCI, 1
MgCl,, 10 Tris-HCI, 10 glucose (pH 7.6 at 20°C), the osmolality of this
solution was 230 mosm/kg water. In*Hree incubation medium, 3
mm KCl was replaced with 3 m NaCl. To vary the K concentration

in the incubation media, the'Kfree medium was mixed with a solution
containing 105 ma KCI, 1 mm MgCl,, 10 nm Tris-HCI (pH 7.6 at
20°C). Hypotonic K-free incubation medium{L60 mosm/kg water)
contained (in m1): 65 NaCl, 1 MgCJ, 10 Tris-HCI (pH 7.6 at 20°C).

(mmol/(l x hr).

MATERIALS

Ouabain and nystatin were obtained from Sigma Chemft&&b was
purchased from ISOTOP (Russia). Ouabain was prepared as & 10 |
stock solution in distilled water and used at a final concentration of 0.
mm. Stock solutions of nystatin (4 mg/ml) in dimethylsulfoxide were
made fresh daily and protected from light. All other chemicals wer
analytical grade.

The corresponding isotonic medium had the same composition with th%TATISTICS

addition of 80 nm sucrose. In the experiments in N®oth external
and internal Cl were replaced by N@Q N-methylo-glucamine
(NMDG™) was used to replace Nan the incubation media. The CI
and NG, salts of NMDG were prepared from the base by titration with
hydrochloric or nitric acid, respectively. In experiments in which cel-

Results were expressed as meansex Comparison between means
was performed by paired or unpairetest withP < 0.05 being taken
as the level of significance. A curve-fit computer program was used

lular K* (Na") was manipulated, erythrocytes were treated with the perform a regression analysis (SigmaPlot, version 3.0, Jandel Scie
nystatin techniques as described elsewhere (Kaji, 1986; Brugnardaijfic, Corte Madera, CA). Best-fit curves relating’ knflux to external

1989). The nystatin-loading solutions contained varyingatd N&
concentrations (Na + K= 105 mv) and 40 nm sucrose. Aliquots of

K™ concentration were calculated using a hyperbolic relationship d
rived from the Michaelis-Menten equatioW: = V,..* YK, + 9,

nystatin-treated cells were washed with an ice-cold solution containingvhereV,,,, is the maximal velocity of K influx, Sis the K" concen-

70 mv MgCl, and 10 nw Tris-HCI (pH 7.6 at 4°C) to determine the

tration andK,,, is the Michaelis constant. Regression lines were calcu

intracellular K" and N& content. lon concentrations were expressed aslated individually from each experiment.
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Fig. 1. CI™-dependent and Glindependent K
influx plotted as a function of external’K
~ 12 concentration [K].. Erythrocytes were washed and
'::‘ Cl-medium preincubated in Cl or NQ Medium N& and K"
n 10} concentrations were varied reciprocally (Naus
% K* = 105 mv). Ouabain (0.1 m) was present in
et all media. K influx was measured &Rb uptake
_\o.. 8r for 60 min. The Ci-dependent Kinfluxes were
£ calculated as the difference in"Knfluxes in the
g 6} presence (open circles) and absence (filled
: squares) of Cl. Results from these 4 experiments
e al were averaged and shown as mearse+Error
£ N°3-' medium ba_rs were omltteq when smaller‘ than the symbols.
+ Cl-dependent K influx (broken line) was a
X 2r Michaelis function of [K],, such thatv = 9.2 x
[K1J(5.2 + [K*]o) (R = 0.54). In NQ, K" influx
0r was a linear function of [K],, such thatv = 0.02
x [K*]e (R = 0.997). Data points were fitted with
. . " : . . a computer program (SigmaPlot).
0 20 40 60 80 100 120
External K* concentration (mM)
Results ErFFeCT oF CELL SWELLING ON K*(3®Rb) INFLUX AS A

K*(®®Rb) INFLUX AS A FUNCTION OF EXTERNAL
K* CONCENTRATION

FuNcCTION OF EXTERNAL K* CONCENTRATION

Similar to erythrocytes of other species, the K-ClI co
transporter in frog red cells is significantly activated by
cell swelling (Gusev et al., 1995, 1997). Therefore, it i

To determine the kinetics parameters of K-Cl cotrans-important to elucidate the changes in the kinetic prope
port, frog erythrocytes were preincubated in Cl and,NO ties of K-ClI cotransport following its activation in swol-
containing 1 to 105 m K* and 0.1 nm ouabain for 30 len cells. We comparedKinfluxes in frog erythrocytes
min. 8Rb uptake was measured for 60 min. As can beincubated in isotonic (Fig.&) and hypotonic media (Fig.

seen in Fig. 1, Kinflux in frog red cells incubated in Cl
increased considerably with [k, increasing up to 20
mM. The K' influx in frog erythrocytes in NQ was
substantially smaller than that observed in Cl. At 2@ m
[K*]e K* influx in the presence of NQwas only about
5% of that in Cl and was a linear function of TK up to
105 mv as described by a linear regression equation:
= (0.026 £ 0.001) x [K] (R = 0.997,n = 4). In these
paired experiments, the Gtependent component of K
influx was calculated as the difference betwe€rindlux

in Cl and NG, (Fig. 1). The Cl-dependent K influx
was a saturable function of [, described by the Mi-
chaelis-Menten equation with a Michaelis constayt)(
of 5.3 £ 1.7 mu and a maximal velocity\{,,,) of 9.2 +
0.7 mmol/(l cells x hr) R = 0.54). It is evident from
Fig. 1 that thetotal and Cr-dependent K influx was
unchanged with increasing [k, above 20 mi. The CI-
dependent Kinfluxes were 8.7 + 2.0, 8.3+ 1.9 and 7.9
+ 3.0 mmol/(l x hr), respectively. As will be shown

2B) with the same Naand K' concentrations plus/minus
sucrose, respectively. Unexpectedly; Kflux in iso-
tonic Cl was decreased when[K was increased above
20 mv. The magnitude of Kinflux at 50 mm [K ], was
considerably lower than that at 20K *], (P < 0.001).
In contrast, K influx in frog erythrocytes incubated in
hypotonic Cl increased as a function of K ranging
from 1 to 50 mu. In NOj a linear relationship was ob-
served between Kinflux and [K],. K* influxes as a
function of [K'], were fitted by simple linear regression
equationsV = (0.012 + 0.001) x [K], (R = 0.95) and
V = (0.019 £ 0.002) x [K], (R = 0.95) for isotonic and
hypotonic NQ, respectively. The slopes of the linear
regressions represent rate constants (rate coefficients)
K* influxes. The rate constant for'Knflux in red blood
cells incubated in hypotonic NQwas significantly
higher than that in isotonic NO(P = 0.0066,t test).
From the data presented in Fig. 2 thé -@ependent
K* influx in frog erythrocytes as a function of [, was

below, the kinetics of this transport were more accuratelycalculated as the difference between thé fluxes in

described using [K, in the range from 0 to 20 m
The analysis gave an apparéqfvalue of 12.3£2.7 m
and aV,,,,,0f 14.2 + 1.4 mmol/(l x hr), showing a much

higher regression coefficienR(= 0.94).

chloride and nitrate media (Fig. 3). The @lependent
K™ influx in isotonic medium reached a maximal mag-
nitude at 20 mn [K*], and then decreased at higher' K

In isotonic medium, the dependence of this flux oK
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K* influx (mmol/ I cells x h)

Cl-dependent K* influx (mmol/ | cells x h)

in the concentration range of 0 to 20vnwas well de-
scribed by the Michaelis-Menten equation wit\,a,, of
9.8 £ 2.2 mmol/l’/hr and an appareif, of 8.4 + 1.8 mm

70
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Fig. 2. K™ influx as a function of external K
concentration in isotonicA) and hypotonic media
(B). K" and N& concentrations in the media were
varied reciprocally (N&+ K* = 65 mm) and
isotonic media contained 80nmsucrose. Ouabain
(0.1 mm) was present in all media.*Kinfluxes
were determined frorfi®Rb uptake for 30 min in

Cl and for 60 min in NQ. Results from 6-7
separate experiments were averaged and shown :
means *se Error bars were omitted when
smaller than the symbols. In NQlines were
drawn using a linear regression analysis=

0.012 x [K'], (R = 0.95) andv = 0.019 x [K'],
(R = 0.95) for isotonic and hypotonic media,
respectively. Regression lines were fitted using a
computer program (SigmaPlot).

Fig. 3. Effect of cell swelling on Cl-dependent
K™ influx. All data points were calculated from
data given in Fig. 2. Ckdependent Kinfluxes (V)
were a Michaelis function of external [k (0-20
mwm for isotonic, 0-50 mu for hypotonic media),
such thatv = 9.9 x [K*]/(8.8 + [K']y) andV =
22.0 x [K*]J(16.1 + [K'],) with R = 0.89 andR

= 0.94 for isotonic and hypotonic media,
respectively. The hyperbolic functions are shown
as dotted curves. Asterisks indicate a significant
difference P < 0.01) as compared with 20nm
[K*]e

(R = 0.89). These values agree well with those obtaine
in the previous series of experiments (Fig. 1). In swolle
cells, Cr-dependent K influx was a saturable function



G.P. Gusev et al.: KTransport in Frog Erythrocytes

of [K™].in the concentration range from 0 to 5@ywith

a Vyay Of 22.0 = 0.7 mmol/l/hr and an appareK, of
16.1 + 1.2 nm. These kinetic parameters were similar to
those calculated from the part of the curve at 0—-20 m
[K*le Vipax = 20.2 £ 2.9 mmol/l/hr and,,, = 12.8 +1.7
mm (R = 0.94). Thus activation of K-CI cotransport in

swollen frog erythrocytes was associated with both an

increase in maximal velocity?( = 0.009) and a small
decrease of its affinity for external'K(P = 0.03).

EFFecT oF EXTERNAL Na" CONCENTRATION ON
K* INFLUX

In the experiments described above, a rather surprisiné‘:

observation was the decline in the"@ependent Kin-
flux after increasing [K], above 20 mu (Fig. 3). Since
the changes in [K], were achieved by replacing external
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Na’ [Na'], one simple explanation for this phenomenon Fig. 4. Effect of removal of external Naon Cl-dependent Kinflux

is that removal of [Ng, can inhibit K" transport in frog
red blood cells. Therefore the following experiments
were designed to clarify this possibility. Frog erythro-

plotted as a function of [K].. Erythrocytes were preincubated in Cl and
NO;. Then Cr- and NG; cells were washed with corresponding*Na
containing or N&free media (NMDG). [K*], concentrations were

cytes were incubated in isotonic media with substitutionvaried reciprocally (K plus N& or K* plus NMDG" were 65 nm). All

of K* for Na" or N-methylo-glucamine (NMDG) so

that the total cation concentration was kept constant (6§

media also contained (inm): 80 sucrose, 1 MgGJ 10 Tris-HCI, 0.1
uabain (pH 7.6 at 20°C). Results from these 5 experiments we
veraged and shown as meansetCl™-dependent Kinfluxes were a

. :
mM). In NO; K 'nﬂuxe_s in frog erythrocytes were rela- jichaelis function of [K], both in the presence of N&0-20 mu
tively low and were independent of the presence ofjk*],) and in the absence of Kg0-50 mu [K*].). In Na*-medium:V

[Na*], (data not shown The CI-dependent Kinfluxes

= 11.2 x [K']J(7.9 + [K']), R = 0.87. In medium without Na V =

calculated from these experiments are shown in Fig. 42.7 x [K'J(12.2 + [K']), R = 0.88. The curves were drawn to a

Again, as [K], was increased from 20 to 50vmand
[Na*], was reduced from 45 to 15w the influx of K
(8®Rb) decreased considerably (7.52 + 1\M$55.78 *
1.08 mmol/l cells x hrP < 0.001). The Cl-dependent
K* influx in red blood cells incubated in Nanedia was
a saturable function of [K, within 1-20 mv with an
apparentK, of 7.9 + 1.9 mm and aV,,of 11.2 + 2.3
mmol/l cells/hr R = 0.86).

In the absence of [N, the K" influx in red cells at

standard Michaelis-Menten equation using a computer program (Si
maPlot).

(65 mm). It is evident from Fig. B that the RB influx
was increased when external RRb'], was raised from
10 to 20 nmv. However, further increase in [RJg up to
50 mv in isotonic media led to a significant decrease i
Rb" influx. As can be seen in Fig. B K" efflux was not
significantly changed as the [RR varied from 0 to 20

all [K*], was much lower than that in the presence ofmm in isotonic media (8.2 +0.7,8.8 +0.9 and 11.0 £ 0.¢

[Na*], (Fig. 4). In Na-free media, there was a hyper-
bolic dependency between'knflux and [K*], from O to
50 mv which could be described by the Michaelis-
Menten equation. The kinetic constants for the-Cl
dependent Kinflux in Na*-free media were 15.7 + 2.1
mm and 3.2 £ 0.7 mmol/l x hr for an appareidt, value
and aV,,,, value, respectivelyR = 0.88). These data
indicate that the removal of [N, produced a significant
reduction P < 0.001) in both maximal velocity for Cl
dependent Kinflux and its affinity for [K*], (P < 0.03).

EFrecT oF[Na'], oN Rb" UPTAKE AND K™ Loss

To characterize further the dependence dftkansport
on the N& concentration in the medium [Nf, experi-

mmol/(I x hr) at 0, 10 and 20 m [Rb"],, respectively).
Again, there was a significant reduction irf koss from
the cells (Fig. B) in isotonic media following increase of
the [RB'], from 20 to 50 nw and reducing [N§ from
45 to 15 mu. In hypotonic media, the Kloss was di-
minished gradually as a result of increasing TRdrom

0 to 50 mv. These data support results of our previou
series of experiments and suggest that the removal
[Na*], exerts a transinhibitory effect on*kefflux from
frog erythrocytes as well as eis-inhibitory effect on
influx.

In the next series of experiments we compared Rt
uptake and K loss in frog red blood cells incubated in
NaCl and N&-free (NMDG- Cl) media at the same
[Rb*]e (10 mv). These experiments clearly demon-

ments were performed on frog erythrocytes incubated irstrated that both Rbuptake (Fig. 8) and K’ loss (Fig.

media with different concentrations of RbCI substituting

6B) were substantially reduced in isotonic and hypotoni

for NaCl so that the sum of both salts was kept constanNa‘-free media as compared with standard® Maedia.
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Fig. 5. Dependence of Rhuptake ) and K" efflux (B) from frog erythrocytes on extracellular RENa") concentration. Red cells were incubated
in Cl containing various Rbconcentrations. Rbuptake and K loss were measured simultaneously for 60 min in isotonic (white columns) and
min in hypotonic (hatched columns) media. Data are expressed as mearfsom 5 separate experimentsd % 0.02, **P < 0.005vs. isotonic
medium with 45 nm Na* (pairedt test).

-'fs Thus the volume-sensitive components of "Riptake
o A obtained by subtracting the flux in isotonic from that in
34 hypotonic media were indistinguishable in red bloo
37T . cells incubated in NaCl-medium (1.97 + 0.35 mmol/(l
£ Na-dependent hr) and NMDG- Cl-medium (2.15 % 0.19 mmol/(l  hr).
?5'2 - The K" losses induced by cell swelling were also simila
£ * - in both media (5.65 + 0.76 and 5.48 + 0.44 mmol/(l x hr
E 0 . ,. in NaCl and Na-free medium, respectively).
IsO HYPO IS0 HYPO
R 16 B ey EFrecT oF[Na'], oN K™ Loss INK*-FREE MEDIA
x * medum In the following experiments frog erythrocytes were in
o 12 F % - ’
§ :':d?f,;,m cubated in nominally K-free isotonic media with vary-
3 ing concentrations of Na(NMDG™ substitution) in the
E 8 I . presence of Clor NO; as the principal anion. All media
g’ Na-dependent contained the same total _salt concentrations, 1_@)5 m
E 4} T T The results of thesg e_xper_lments are presente_d in Fig.
% ‘ . The K" loss was similar in both nitrate media in the
» . absence and in the presence of Nahereas removal of
0 ' Na" from chloride medium caused a twofold inhibition
150 HYPO ISO  HYPO

of K* loss from frog erythrocytes. Equimolar replace:
Fig. 6. Inhibition of Rb* uptake @) and K efflux (B) in frog eryth- ~ ment of 55 nw Na" with NMDG™" in the incubation
rocytes by removal of external NaRed cells were incubated for 60 medium had no significant effect on"Koss. However,
min in isotonic (ISO) and 30 min in hypotonic (HYPO) media. All decreasing [Né]e below 50 mm resulted in a marked fall
media contained 10 mRbCl and 55 mn NaCl (white columns) or 55 in the K" loss. Thus it was evident that the concentratio
mm NMDG - Cl (hatched columns); isotonic media contained 80 m 4 N5* i the incubation media plays an important role ir

. The Nz t ts of Rimfl K" effl Lo
sucrose. The Nadependent components of Rinflux and K™ efflux - 4. o ivation of Crdependent K transport from frog
(black columns) were calculated from the data in each experiment. Data

are means sk from 5 separate experiments? ¥ 0.003 (paired test) red blood cells.
as compared with Nacontaining media.

DePeENDENCE OFK™ Loss INK™-FREE MEDIA ON
All fluxes of Rb" and K" in swollen cells were signifi- INTRACELLULAR K™ CONCENTRATION
cantly higher than those in isotonic media. However, the
calculated N&dependent components of Riiptake and  In these experiments red blood cells were prepared |
K™ loss were identical in isotonic and hypotonic media.the nystatin technique with varying intracellulaf Kon-
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14
= P<0.003»
12
=
x 10 r A :
n <P<0.005>
] : ;
o
Z 8r
°
£
E ¢}
x
3
$ .l
1% Fig. 7. Effects of ion replacement on net'Hoss
in isotonic nominally K-free media. Red blood
2 t cells were washed and incubated in
s L corresponding media for 60 min, then” K
concentrations in flux media were measured.
0 Data are presented as meansetfor 4 separate
NaNO; —_ 105 —_ —_— — —— experiments.
NaCl — — — 20 S0 105
NMDG.NO; 105 - - - -— —-
NMDG.CI — — 105 85 55 -

Medium composition (mM)

centrations in Cl and NQ The red blood cells were 0.97,N = 5). The slopes of the regressions represel
incubated in isotonic and hypotonic nominally#ee rate constants for Cldependent K transport from red
media for 30-60 min and Krelease from the cells was cells. The mean values of the rate constants calculat
measured. As expected, the rate df léss from eryth-  from separate experiments were 0.108 + 0.009 and 0.2
rocytes incubated in NQwas smaller than that observed + 0.008 hr' in isotonic and hypotonic media, respec:
in Cl (Fig. 8). When red cells were incubated in isotonic tively. Figure 8 shows the linear relationship betwee
and hypotonic NQ, the relationship between'oss and K™ loss and intracellular K concentration for pooled
intracellular K” concentration was linear in each experi- data of all experiments with a slope of 0.12 and 0.24 hr
ment with a correlation coefficienRj within 0.76-0.99.  for normal and swollen red cells, respectively. Th
The slopes of the linear regressions represent rate comstimulation of Cr-dependent K transport from frog
stants for K transport from frog erythrocytes. The av- erythrocytes in hypotonic media was significaft €
erage values of rate constants calculated from separa@001, paired test).
experiments in N@Q were 0.015 * 0.002 and 0.028 *
0.008 hr? for isovolemic N = 7) and swollen erythro- _ .
cytes N = 5), respectively. The rate of Kloss was Discussion
stimulated by 87% in hypotonic NGand the stimulation
was statistically significantR = 0.032, paired test,N  Data from the present study demonstrated that the K-
= 5). When data were pooled from all separate expericotransporter in frog erythrocytes displays kinetic pror
ments, a plot of K lossvs. internal K concentration erties different from these of other red blood cells. Th
yielded straight lines with slopes of 0.016 and 0.026'hr most interesting finding here is the effect of extracellula
for control and swollen cells, respectively (Fig. 8). Na“ on K* transport mediated by K-Cl cotransport via
In these paired experiments, @ependent compo- the frog erythrocyte membrane. As shown in three seri
nents were calculated as the differences fnld6s in CI  of experiments (Figs. 2-5), total and @lependent K
and NG, (Fig. 8). Unexpectedly, the dependence of theinflux was appreciably inhibited when external Nzon-
Cl™-dependent K loss on intracellular K concentration  centration in isotonic chloride media was below 56.m
in frog erythrocytes was also best fitted by a linear re-Replacement of all external Navith NMDG™ led to a
gression. In seven separate experiments in isotonic mamarked reduction in influx and efflux of Kin frog red
dia, the magnitudes of linear regression correlation coblood cells in isotonic and hypotonic media (Figs. 6—7)
efficients R) varied from 0.85 to 0.99. A highly linear Our results of the first series (Fig. 1) conflict somewha
correlation between Kloss and intracellular Kconcen-  with the data of all the following experiments. The €l
tration was observed in hypotonic medi® & 0.95—- dependent Kinflux was significantly reduced in a nomi-
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Fig. 8. Relationship between Kloss and

intracellular K concentration ([K];).
Nystatin-pretreated cells with various K were
incubated in nominally K-free media for 60 min
(isotonic) and 30 min (hypotonic) media and nét K
loss were measured. All media contained 6 m

(o] Na’, isotonic media additionally contained 8vm
sucrose. Results from 7 (isotonic) and 5 (hypotonic)
separate experiments were pooled, data points
represent individual values. [k is the arithmetic
mean intracellular concentration which was
calculated as the difference betweeri][Koefore cell
incubation and half of Kloss during cell incubation.
Dependence of Clindependent (squares) and
ClI™-dependent (circles) Kloss on [K]; were
described by linear regressions. In isotonic media
(solid lines):y = 0.015 x [K']; (R = 0.82) for NG,
andy = 0.12 x [K']; (R = 0.87) for CI-dependent
component. In hypotonic media (dashed lings):
0.028 x [K']; (R = 0.79) for NQ, andy = 0.21 x
[K™]; (R = 0.94) for C-dependent component. The
lines are drawn according to linear regressions of all

0 40 120

data points (SigmaPlot).
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+ .
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nally Na'-free isotonic medium with 65 m [K*], (Fig.
3) but not in a N&-free medium with 105 m [K *] (Fig.
1). Although a small decrease in"Knflux, but statisti-
cally insignificant, was observed when K was raised
from 20 to 105 nm (8.7 £ 2.0 and 7.9 £ 3.0 mmol/(l % hr)
at 20 and 105 m [K*],, respectively). A possible ex-

K-CI cotransport activity does not change following re-
moval of external N& Little is known concerning the
properties of K-Cl cotransport system in nucleated eryt!
rocytes of birds, amphibia and fish. Currently, there i
one report demonstrating existence of a"Mapendent
K-CI cotransport in red blood cells of hagfish (Ellory &

planation for this contradiction would be an increase inWolowyk, 1991). Similar N&dependent K-CI cotrans-

the cell volume at too high [K, which, in turn, could
result in an activation of Kinflux. In this case, two
opposite effects on Kinflux occur in medium with 105

port has been recently proposed for vascular smoc
muscle cells (Orlov, Tremblay & Hamet, 1996).
The effect of external Naon K-Cl cotransport in

mm KCI: inhibition and stimulation due to the removal of frog erythrocytes should be taken into consideration fc
[Na], and the increase in cell volume, respectively.determination of the kinetic constants of the transporte
When all internal and external Cions were replaced The results of our experiments indicate that decreasil
with NO3, K™ influxes were very small and independent the N& concentration in the incubation media up to 4
of external N&. It was evident that only Ctdependent mm did not affect the Cl-dependent K influx. There-

K™ fluxes were affected by decreasing external da-  fore, the kinetic parameters of this cotransport can
low 50 mwm. correctly measured varying [ within 0-20 mu. The

It is unlikely that the K influx changes associated
with decreasing external Naoncentration could be re-
lated to coupled Naand K' transport. We showed ear-

Table summarizes the mean values of the kinetic paral
eters for external K dependence of K-Cl cotransport
from all series of experiments. There were no differ

lier in frog red blood cells that bumetanide, a selectiveences in these parameters between two series of exp

inhibitor of Na-K-2Cl cotransport, had no effect on" K
and N4 transport. In addition the Nanflux is indepen-

ments in isotonic media when the Neoncentration was
decreased to 85 m (Table, column 1) and to 45 wm

dent of the external Kconcentration and of replacement (Table, column 2). Similar values ¢, andV,,,, were

of Cl with NO; in the incubation media (Gusev et al.,

obtained in two series of experiments in isotonic medi

1995; Agalakova et al., 1996, 1997). Moreover, our(columns 2 and 4 of Table). Pooled values for an appe
present experiments provide evidence for similar effectentK,,, and aV,,,,.of CI-dependent Kinflux in isotonic

of external Na concentration on Kloss from frog eryth-

media were 8.2 + 1.3 mnand 10.4 £ 1.6 mmol/l x hrN

rocytes. Our results are in contrast to studies on humar= 13). Cell swelling caused a twofold increaseMp,,

(Kaji & Kahn, 1985; Kaji, 1986) and low potassium

and a 50% decrease in the affinity of @lependent K

(LK) sheep erythrocytes (Lauf, 1983) which showed thatinflux in frog red blood cells. ThesK,, values for ex-
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Table. Apparent affinity K,,) for external K and maximal velocity\,,.,) of CI"-dependent K influx

in frog erythrocytes

Kinetic Isotonic media Hypotonic media  Isotonic media
parameters
(n) (Na" + K" (Na"+ K% (Na"+ K% (Na" + K")  (NMDG* + KY)
105 nm 65 mv 65 mv 65 mv 65 mv
4 ™ Q) (6) &)
Ko (Mmm) 123+2.7 84+18 128+ 1.7t 79+1.9 15.7£2.1*
Vinax (MMol/l x hr) 142+ 1.4 9.8+2.2 20.2+£2.9t1 11.2+2.3 3.2+£0.7*

The kinetic constants were calculated from the relationship betweewependent K influx as a

function of [K*], in the range from 0 to 20 mwhereas a 0-50 m[K*], interval was used in Nafree
experiments (NMDG). TheK,,, andV,, ., values are meanssem calculated from experiments shown in

Figs. 1-4. Numbers in parentheses represent the number of separate experiments. Frog erythrocytes were
incubated in media containing different salts at a constant total concentration (65 om)Q&atonic

media with 65 nw concentration contained additionally 80vnsucrose. P < 0.03, **P < 0.001 as
compared with the corresponding Neontaining medium; < 0.05, P < 0.001 as compared with the

corresponding isotonic medium.

ternal K" in frog erythrocytes were appreciably lower effect on K efflux in human and LK sheep red cells.
and theV,,,, values higher than those found for erythro- In the present study, Kefflux from frog erythrocytes
cytes of some mammalian species. In isotonic mediashowed also smalrans-effects by 10-20 m external

the apparenk,, values for [K], of Cl"-dependent K
influxes were[117 mv and[(50-80 nu in human (Kaji &

Rb" (Fig. 5). In contrast to [K], decreasing external Na
concentration below 50 mwas associated with a sig-

Kahn, 1985) and LK sheep erythrocytes (Bergh et al. hificant trans-inhibitory effect on K efflux from frog

1990; Delpire & Lauf, 1991), respectively. The exter-
nal K* affinity of the CI'-dependent volume-sensitivé K

erythrocytes (Figs. 5-6). A role of internal Naeoncen-
tration in K* transport in frog erythrocytes remains un-

fluxes in human and in LK sheep red cells were quite lowclear. In our experiments varying [k was associated
(K, [60-120 nm). In contrast to human and sheep with reciprocal changes in cellular N@ontent. There-

erythrocytes, the removal of external Neaused a sig-
nificant reduction in Cl-dependent K influx in frog

fore, one possible explanation for the linear relationshi
between Cl-dependent K efflux and [K']; may be at-

erythrocytes and decreased the maximal velocity and aftributed to the changes in intracellular Neoncentration.

finity of the K-ClI cotransporter for K (Fig. 4 and Table,
column 5).

Taken together, the results of the present stuc
clearly demonstrated that both influx and efflux of K

Under the conditions of the present study, we failedmediated by K-CI cotransport in the frog erythrocyte

to provide evidence for saturation kinetics for the-Cl

membrane are inhibited by lowering external Nelow

dependent K efflux from frog erythrocytes as a function 45-50 nv. In a nominally Na-free medium, the activity

of internal K" concentration. In fact, Ktransport from

of K-CI cotransport was reduced to 30-50% of that ok

cells incubated in both isotonic and hypotonic mediaserved in normal saline. The mechanism by which th

declined proportionally with the internal *Kconcentra-
tion (Fig. 8). Thus, the Cldependent K efflux may be

cotransporter’s function is influenced by the external Na
concentration remains obscure and may be indirect. Tl

characterized by rate coefficients of 0.11 and 0.2 hr decrease in Naconcentration in the medium could in-

for isovolumic and swollen cells, respectively. TheCl
dependent K efflux from frog erythrocytes was signifi-

hibit Na’/Mg®* exchange resulting in an increase ir
erythrocyte Mg content and in inhibition of K-CI co-

cantly higher than that observed in LK sheep red bloodransport as was found in erythrocytes of some speci

cells (Bergh et al., 1990; Delpire & Lauf, 198}

whereas this K transport was not found in human eryth-

(Lauf et al., 1992).
Of great interest is the fact that the stimulation df K

rocytes under isotonic conditions (Kaji, 1989). In sheeptransport by cell swelling did not require the presence

erythrocytes, Cldependent K efflux exhibited a low
affinity for internal K* in isotonic K, (B4 mv) and in
hypotonic media K,, [(58-68 mu). Volume-sensitive
Cl™-dependent K efflux from human erythrocytes (Kaji,
1989) had also a low affinity for [K]; (K, (47 mw).
However, K efflux from CC cells (Brugnara, 1989) in-
creased monotonically with the [ concentration simi-
lar to frog erythrocytes. Varying [K had a small or no

Na" in the medium. In the media with varying'KNa")
concentrations (Fig. 3), the volume-sensitive compone
calculated as the difference between mean values of t
Cl™-dependent Kinfluxes in isotonic and hypotonic me-
dia was linear related to [K, (V = 0.25- [K*], R =
0.997). Thus the decrease in external” dancentration
did not affect the volume-sensitive component of-Cl
dependent K influx in frog erythrocytes. Similarly, in



212 G.P. Gusev et al.: KTransport in Frog Erythrocytes

media with 10 rm RbClI (Fig. 6), the calculated volume- frog red blood cells is strongly dependent on [Naang-
sensitive components of Rlinflux and K* efflux were  ing from 0 to 50 nm. It is noteworthy that, similar to our
also independent of the presence of externdl. Ngased  findings, a number of studies on epithelial tissues hay
on the results of this study, we cannot rule out the posdemonstrated that Naons are able to stimulate another
sibility that the CT-dependent Ktransport in frog eryth-  transporting protein, CHCO; exchanger, whereas the
rocytes occurs via two different K-CI cotransport path- Na" ions are not translocated by the carrier (Orsenig
ways. One of them is Nadependent, volume-indepen- Tosco & Faelli, 1994). Like other ion transporters, i
dent with a relatively high affinity for external Kand ~ would be expected that various isoforms of K-Cl cotrans
another is volume-sensitive, Kiéndependent with a port could be revealed in different cell types. Recently
very low affinity for external K. This suggestion is two distinct isoforms of the K-Cl cotransporter (KCC1
speculative enough at present and further experiment@nd KCC2) with different affinities for [K], were de-
will be necessary to elucidate this hypothesis. Such studscribed (Gillen et al., 1996; Payne, Stevenson & Dor
ies would require evidence for effects of K-Cl cotrans- @ldson, 1996; Payne, 1997).
port inhibitors, regulation of this cotransport activity by
intracellular messengers as well as identification ofThis research was supported by grant N 97-04-48939 from the Russ
transporters at the molecular level. Foundation of Fundamental Research.
The residual Clindependent K fluxes in frog red
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