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ABSTRACT K-Cl cotransport in LK sheep erythrocytes is activated by osmotic
swelling and inhibited by shrinkage. The mechanism by which changes in cell
volume are transduced into changes in transport was investigated by measuring
time courses of changes in transport after osmotic challenges in cells with normal
and reduced Mg concentrations. When cells of normal volume and normal Mg are
swollen, there is a delay of 10 min or more before the final steady-state flux is
achieved, as there is for swelling activation of K-Cl cotransport in erythrocytes of
other species. The delay was shown to be independent of the extent of swelling.
There was also a delay after shrinkage inactivation of cotransport. Reducing cellular
Mg concentration activates cotransport. Swelling of low-Mg cells activates cotrans-
port further, but with no measurable delay. In contrast, there is a delay in shrinkage
inactivation of cotransport in low-Mg cells. The results are interpreted in terms of a
three-state model:

kg ks
A=B=C
kyy ks

in which A state, B state, and C state transporters have relatively slow, intermediate,
and fast transport rates, respectively. Most transporters in shrunken cells with
normal Mg are in the A state. Swelling converts transporters to the B state in the
rate-limiting process, followed by rapid conversion to the C state. Reducing cell Mg
also promotes the A — B conversion. Swelling of low-Mg cells activates transport
rapidly because of the initial predominance of B state transporters. The results
support the following conclusions about the rate constants of the three-state model:
kg is the rate constant for a Mg-promoted process that is inhibited by swelling; k9 is
not volume sensitive. Both kg and kse are increased by swelling and reduced by
shrinkage; they are rate constants for a single process, whereas k5 and ks, are rate
constants for separate processes. Finally, the A — B conversion entails an increase in
Jmax of the transporters, and the B — C conversion entails an increase in the affinity
of the transporters for K.
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INTRODUCTION

Activation of K-Cl cotransport can play a role in regulation of cell volume by
promoting KCI efflux and an osmotically obliged efflux of water. This has been
observed in red cells of birds (Kregenow, 1971, 1981), of teleosts (Lauf, 1982), in
immature mammalian red cells (Brugnara, Kopin, Bunn, and Tosteson, 1985; Lauf
and Bauer, 1987; O’Neill, 1989z), in human red cells with abnormal hemoglobins
(Berkowitz and Orringer, 1987), and in Ehrlich ascites tumor cells (Thornhill and
Laris, 1984). K-Cl cotransport has also been reported in some types of epithelial cells
where it plays a role in transcellular transport of salt and in some instances in water
transport as well (Corcia and Armstrong, 1983; Greger and Schlatter, 1983; Reuss,
1983; Larson and Spring, 1984; Guggino, 1986; Sasaki, Ishibashi, Yoshiyama, and
Shiigai, 1988; Zeuthen, 1991). K-Cl cotransport was proposed early in red cells from
sheep of the LK (low [K].) phenotype, where it was observed as a Cl-dependent K flux
that was particularly sensitive to osmotically induced increases in cell volume (Ellory
and Dunham, 1980; Dunham and Ellory, 1981; Lauf, 1983). Cl-dependent K
transport appeared to be electrically neutral (Dunham and Ellory, 1981). Brugnara,
Van Ha, and Tosteson (1989) presented the first direct evidence for coupling
between Cl and K fluxes in sheep and human red cells. Recently Kaji (1993)
demonstrated unequivocally that K-Cl cotransport in human red cells is electroneu-
tral.

K-Cl cotransport is not measurable in normal, mature human red cells (Duhm,
1987), but it can be induced by cell swelling (Kaji, 1986), and is present in immature
human red cells (Hall and Ellory, 1986; Canessa, Fabry, Blumenfeld, and Nagel,
1987). These observations indicate that K-Cl cotransport contributes to the decrease
in cell volume during the maturation of reticulocytes, and further that it is responsi-
ble in part for the abnormally low volume of mature red cells with mutant
hemoglobins, HbS and HbC, cells in which K-CI cotransport continues to function
(Brugnara et al., 1985; Brugnara, Bunn, and Tosteson, 1986; Berkowitz and
Orringer, 1987; Brugnara and Tosteson, 1987; Canessa et al., 1987; Olivieri, Vitoux,
Galacteros, Bachir, Bloquit, Beuzard, and Brugnara, 1992). Important, unresolved
questions about the K-Cl cotransporter are the nature of the signal of volume
changes, the associated sensor of the signals, and the mechanism of transduction of
this signal from the sensor to the transporter. For reviews on K-Cl cotransport in red
cells, see Parker and Dunham (1989), Dunham (1990), and Lauf, Bauer, Adragna,
Fujise, Zade-Oppen, Ryu, and Delpire (1992).

We have reported measurements of steady-state kinetics of Cl-dependent K influx
in LK sheep red cells of normal and swollen volumes (Bergh, Kelley, and Dunham,
1990). We found that both the maximum velocity of transport (Jma.x) and the
apparent affinity for external K, K, (K)2), were increased by swelling. These two
effects on kinetic constants were separable in that changes in Jmax and K2 for K,
could be induced independently. Reducing cellular Mg, Mg,, caused an increase in
Jmax without affecting K3 and swelling of low-Mg, cells reduced Ky» without further
effect on Jmax- Mg appears to be an endogenous inhibitor of K-Cl cotransport since
reducing intracellular Mg activity activates cotransport in both human and sheep red
cells (Lauf, 1985; Brugnara and Tosteson, 1987; Sachs, 1988; Bergh et al., 1990;
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Dunham, 1990, 1992; Delpire and Lauf, 1991). (Mg, also stimulates cotransport at
low concentrations in human red cells [Brugnara and Tosteson, 1987; Sachs, 1988].)
Swelling may activate the Jma of cotransport by relieving the inhibition by Mg, either
by simply diluting [Mg], or by otherwise modifying binding of Mg to something.

A recent, productive approach to studying the regulation of K-Cl cotransport is the
analysis of the time courses of changes in transport after volume changes. Kregenow
(1971) observed a delay of 1-2 min after osmotic swelling in the increase in K efflux
(presumably K-Cl cotransport) from duck red cells. Lytle, C., and T. J. McManus
(personal communication) confirmed this observation. Similar observations on K-Cl
cotransport have been made in red cells from LK sheep (Lauf, 1988; Dunham, 1990,
1992), pigs (Kim, Sergeant, Forte, Sohn, and Im, 1989), humans (Kaji and Tsukitani,
1991), and dogs (Parker, Colclasure, and McManus, 1991). Delays in the activation of
a transporter by volume changes are not confined to K-Cl cotransport. Delays of
minutes have also been reported for swelling activation of Cl channels in T
lymphocytes (Cahalan and Lewis, 1988) and for two instances of shrinkage activation
of a transporter, of the Na/H exchanger in Amphiuma red cells (Siebens and
Kregenow, 1985) and of the Na-K-Cl cotransporter in squid giant axon (Breitwieser,
Altamirano, and Russell, 1990). Finally, there is a delay in the swelling inactivation of
the Na/H exchanger in dog red cells (Parker et al., 1991).

A physiological significance of these delays has not been established, but they have
proven useful in studying the control of K-Cl cotransport. In the first systematic study
of these phenomena, Jennings and Al-Rohil (1990) measured time courses in rabbit
red cells of activation of K influx with swelling and inactivation with shrinkage. There
was a delay in the increase in transport after swelling, as observed by others.
However, there was little or no delay in inactivation after shrinkage of swollen cells.
These results were interpreted in terms of a two-state model in which transporters are
in either a state with low (or zero) transport rate, A, or an activated state, B,
permitting a higher flux:

kg
A=B (1)
h?l
In cells of physiological volume, most transporters are in the A state, and activation
by swelling causes an increase in the ratio B/A and in the ratio of the unimolecular
rate constants, kio/kg;. A specific protein phosphatase inhibitor, okadaic acid, slowed
the rate of activation of transport after swelling (Jennings and Schulz, 1991),
suggesting that k5 is the rate constant for dephosphorylation of a protein. (The same
observation has been reported for human red cells [Kaji and Tsukitani, 1991].)
Compelling arguments were presented that swelling increases kj2/kg; in rabbit cells
by reducing k), not by increasing k2 (Jennings and Al-Rohil, 1990). It follows that
the volume-sensitive process is a protein kinase for which kg, is the rate constant, and
not the phosphatase. It was not possible to assign this kinase to any of the known
classes of protein kinases ( Jennings and Schulz, 1991).

In this study, we measured the time course of activation of K-Cl cotransport in red
cells from sheep of the LK phenotype. The presence of a delay was confirmed. We
showed further that in cells with reduced [Mg]. (in which cotransport is elevated),
swelling activates transport further, but with no measurable delay. Therefore it
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appears that swelling activates cotransport in two steps, a slow, Mg-dependent step
followed by a rapid, Mg-independent process. These findings are consistent with our
carlier results on the separable swelling-induced changes in Jn., and Kj,» of
cotransport (Bergh et al.,, 1990). These results on the time courses of volume-
sensitive changes in cotransport cannot be explained by a simple two-state model; a
three-state model is presented that can explain them.

Preliminary reports of some of these results have been published (Dunham, 1990,
1992).

MATERIALS AND METHODS

Cells

Blood was drawn from the jugular vein into heparinized containers from Suffolk breed sheep of
the LK phenotype. The sheep are maintained at the Vinzant Family Farms in Borodino, NY.
The red cells were washed free of plasma and white cells by three successive, brief centrifuga-
tions and resuspension in an isotonic medium (290 mosmol/kg, measured using a vapor
pressure osmometer; Wescor Inc., Logan, UT) containing: 140 mM NaCl, 10 mM KCl, 10 mM
Tris-HCI, and 5 mM glucose, with pH adjusted to 7.4 at 37°C.

Influxes

Unidirectional influxes of K were measured using 3Rb as a tracer (Rb is a good alternate
substrate for K in K-C] cotransport in sheep erythrocytes [Dunham and Ellory, 1981]). Al
fluxes were measured in media containing 10 mM K, 0.1 mM ouabain, 5 mM glucose, and 10
mM Tris-HCL, pH 7.4. The media also contained sufficient choline chloride to achieve the
desired osmolality, 190-290 mosmol/kg. Osmolalities >290 were achieved by adding crystal-
line sucrose to a medium of 290 mosmol/kg. A few experiments were carried out in Cl-free
medium with either choline methyl sulfate and Tris-methyl sulfuric acid or choline nitrate and
Tris-HNOjs substituted for choline chloride and Tris-HCl. The methods for measuring and
calculating the influxes were slight modifications of earlier methods (Sachs, Ellory, Kropp,
Dunham, and Hoffman, 1974).

In experiments in which cells were equilibrated in media of various osmolalities to bring the
volume-sensitive fluxes to a constant rate, influxes are expressed in millimoles of K per original
liter of cells per hour (i.e., the volume of cells in medium of physiological osmolality, 290
mosmol/kg, calculated from hemoglobin concentrations of lysates) (Figs. 1 and 11). In most
experiments K influx varied as a function of time in some aliquots of cells as a consequence of
osmotically induced changes in cell volumes at time zero. In these experiments, influxes are
referred to as “K uptake,” are expressed as millimoles of K per original liter of cells, and are
plotted against time (Figs. 2-9 and 12). In one experiment in which all cell aliquots are at
physiological volume (Fig. 10), fluxes are expressed simply as millimoles per liter cells per
hour.

Though K-Cl cotransport under physiological conditions generally promotes a net KCl
efflux, unidirectional influxes rather than effluxes were used as a measure of the activity of the
transporter. Cell swelling stimulates both efluxes and influxes of Cl-dependent K transport.
There is some asymmetry in the transporter, and it does not mediate obligatory exchanges
(Dunham, 1990). Jennings and Al-Rohil (1990) pointed out the difficulty of using efflux
measurements to study the early events of the time course of swelling-stimulated transport
(though it has been accomplished with human cells [Kaji and Tsukitani, 1991]). A small extent
of cell lysis would contribute large errors to early estimates of efflux, but trivial errors to early
estimates of influx.
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Cell Volume Changes

These were provoked by altering extracellular osmolality. Two assumptions were made about
cell volume changes. First, the change to a new steady volume is complete 2 s after a step
change in external osmolality as shown for human red cells (Moronne, Melhorn, Miller,
Ackerson, and Macey, 1990). Second, changes in the volume of cell water are proportional to
the ratio of the osmolalities of the original and the new media. Red cells are not perfect
osmometers, but in the range of cell volumes used in this study their behavior is close to ideal.

The effects of altered cell volume on the time course of unidirectional K influx were
determined as follows. Cells equilibrated in media of the desired compositions were packed into
pellets by centrifugation, and the supernatant solution was removed by aspiration. The cells
were resuspended at 10% hematocrit in a medium of a different osmolality (or the same
osmolality for controls) containing an appropriate amount of 3Rb and the same [K],, 10 mM.
Samples of the cell suspension removed at desired intervals were rapidly chilled by addition of
5 ml of ice-cold isotonic medium, and then were washed free of extracellular tracer by two more
centrifugations and resuspensions in the cold, isotonic medium. Samples of the cell lysates were
taken for determinations of radioactivities and hemoglobin concentrations.

It is important for the interpretation of the results that the cell volumes remain constant after
volume changes. If swelling caused a net KCl efflux, cell volume could be expected to decline.
The experiments were designed to minimize this. [K], was 10 mM in all experiments, and
physiological [K]. in LK sheep cells was ~15 mM (Dunham and Hoffman, 1971). In
experiments in which swelling of 35% was induced, [K]. would be reduced to 11 mM. With the
Na/K pump inhibited, the forces on K would be outward through K-Cl cotransport, which
could cause a slight shrinkage, and the membrane potential, inside negative, which would
promote a slow K influx through K channels. In swollen rabbit red cells with K-Cl cotransport
an order of magnitude greater than that in swollen sheep cells, with a much higher [K], and
with 5 mM (K],, cells shrank ~10% in 2 h (Jennings and Al-Rohil, 1990). Therefore, cell
volume in swollen LK sheep cells in 10 mM [K], is unlikely to change significantly during the
experiments reported here, the longest of which was 3 h.

Reducing Cellular [Mg]

This was accomplished as described before (Bergh et al., 1990), a modification of the method of
Flatman (1982). Cells were preincubated for 20 min in an isotonic medium with the ionophore
for divalent cations, A23187, at 10 uM, and then washed free of the ionophore by three
successive centrifugations and resuspensions. Control experiments were carried out to deter-
mine if the effect of this pretreatment, stimulation of Cl-dependent K influx, was due to
A23187 and not to reduced cellular divalent cation concentration. In the same control
experiments, attempts were made to attribute changes in flux to changes in cellular [Mg]), as
has been shown for ferret red cells (Flatman, 1987). Cells were preincubated with A23187
without Mg, and with Mg at various concentrations from 0 to 1 mM. As will be shown below,
transport was stimulated at [Mg] in the medium of 0.1 mM and lower. At higher Mg
concentrations there was inhibition. We conclude that stimulation of Cl-dependent K influx by
preincubation with A23187 in a nominally Mg-free medium is due to reduced cellular [Mg],
probably to the micromolar range, consistent with earlier conclusions (Lauf, 1985; Flatman,
1987).

A23187 reduces [Mg]. in exchange for protons. Since reducing intracellular pH (pH,)
stimulated K-Cl cotransport in LK sheep cells (Zade-Oppen and Lauf, 1990}, it is important to
estimate the effect of Mg depletion on pH,. Total [Mg]. in sheep red cells is ~ 1.2 mmol/liter
cells (Delpire and Lauf, 1991). If all of this Mg is removed by A23187 and replaced by 2.4
mmol/liter of protons, the reduction of pH,, estimated from the buffer capacity of human red
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cells (Freedman and Hoffman, 1979), is ~0.05 pH units, which would cause a trivial increase in
cotransport (Zade-Oppen and Lauf, 1990). Furthermore, whatever pH gradient is generated
will be dissipated by HCO;-Cl exchange through the anion exchanger.

Analysis of Data

Changes in time course of K influxes were analyzed using an equation for the two-state model
derived by Jennings and Al-Rohil (1990) using the principles of chemical relaxation kinetics.
The equation for the relaxation from the initial to the final steady-state flux is:

Co=Jut +1(Ji = Jolexp (=t/7) = 1] @

where C, is the Rb content of the cells in millimoles per original liter of cells at time ¢; [, is the
initial steady-state influx before volume change; J, is the final steady-state influx; 1 is the time
constant for the relaxation from the initial to the final steady state. ( Jennings and Al-Rohil
[1990] refer to the time constant as the time lag; we refer qualitatively to large time constants as
delays.) In the two-state model (Eq. 1), 7 is equal to (k;; + k2))”", the reciprocal of the rate of
relaxation to the new steady state, where &, and %y, are the forward and backward rate
constants, evaluated in the final steady state, for the conversion of A to B. J, was determined by
linear regression analysis of the values for C, in cells at constant volume. In all experiments J,
was measured simultaneously with a change in time course of influx provoked by a cell volume
change in order that changes in time course unrelated to volume changes could be detected.

Two parameter fits to Eq. 2 by a nonlinear least-squares iterative procedure (Marquardt
algorithm [Marquardt, 1963]) using “A Programming Language” (APL) yielded estimates of J,
and 7. (J, was an experimentally determined constant and C, and ¢ were known dependent and
independent variables, respectively.) Asymptotic standard errors were obtained (standard
errors of nonlinear functions are useful informal measures of goodness of fit, but generally
underestimate true uncertainty [Motulsky and Ransnas, 1987]).

Materials and Abbreviations

Choline chloride was obtained from Syntex Agribusiness (Springfield, MO), and was further
purified by precipitation from hot ethanol. Choline nitrate and choline methyl sulfate were
prepared using anion exchange columns as described earlier (Wiater and Dunham, 1983).
A23187 was from Calbiochem-Novabiochem Corp. (La Jolla, CA). #Rb was from New England
Nuclear Corp. (Boston, MA). All other chemicals were from Sigma Chemical Co. (St. Louis,
MO).

LK refers to the phenotype of sheep in which the red cells have low K concentrations; LK is
also used to refer to the low-K red cells. [K]. and [K], are cellular and external concentrations of
K, respectively. K. and K, are cellular and external K without respect to concentration. The
same notation is used for Cl, Mg, and H (protons); aﬁ,,g and a;’,,g are cellular and external Mg
activities, respectively. pH_ is intracellular pH. IOVs are inside-out membrane vesicles.

RESULTS

Steady-State Relationship of K-Cl Cotransport to Cell Volume

Fig. 1 shows unidirectional K influxes into LK sheep red cells equilibrated in media
with a range of osmolalities from 410 to 190 mosmol/kg (all with 10 mM [K],). The
cells had been equilibrated in these media for 90 min, which will be shown below to
be sufficient to allow a steady-state flux to be reached. Fluxes were measured in both
Cl and Cl-free media (with methyl sulfate the substitute anion), and are plotted
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against (osmol/kg)~!, which is proportional to the volume of cell water. Physiological,
normal medium, 3.45 (osmol/kg)~! (290 mosmol/kg), is marked on the abscissa of
the figure. There was no effect on K influx of swelling or shrinking in the absence of
Cl, as shown earlier (Dunham and Ellory, 1981). Swelling of cells caused a marked
increase in Cl-dependent K influx (K-Cl cotransport), and shrinkage caused a
substantial inhibition. The time courses of the conversions of fluxes by volume
changes between these steady-state fluxes are the subject of the rest of this study.

Delay in Swelling-induced Increase in K-Cl Cotransport

The time course of K uptake after swelling is shown in Fig. 2. At time zero the
medium of aliquots of cells (open triangles and circles) was diluted to 240 mosmol/
kg, causing swelling of ~20% ([K], was kept constant at 10 mM). 86Rb was added

FIGURE 1. Unidirectional K
influxes into LK sheep red cells
swollen or shrunken in media
with osmolalities above and be-
low physiological (290 mosmol/
kg, or 3.45 [osmol/kg]™!,
marked by the arrow on the
abscissa) and then equilibrated
90 min to bring the volume-
sensitive fluxes to a new steady
state. The media contained ei-
ther Cl (@; total influx) or
methyl sulfate (O; Cl-indepen-
dent flux) as the anion. [K], in
all media was 10 mM. Fluxes
are expressed as millimoles per
hour per original liter of cells
(i.e., the volume at physiologi-
cal osmolality). The lines were
fitted by eye.

K*influx {(mmol/original liter cells x h)

4
{osmol / kg) ™!

simultaneously with the hypotonic challenge. Control cell volumes (filled symbols)
were kept constant. The K uptakes were measured in both Cl and Cl-free media with
methyl sulfate as the substitute anion. In cells at constant volume, there was a linear
increase in ®Rb content. The flux in Cl medium was several-fold higher than in
Cl-free medium, as expected. In cells swollen at time zero in Cl-free medium, the
uptake was about the same as in cells of unaltered cell volume in Cl-free medium,
also as expected (Dunham and Ellory, 1981). Swelling in Cl-medium caused an
increase in K influx. However, there was a delay in the increase; the time courses of K
influx during the first 3 min are about the same in cells of normal and swollen
volumes, and diverge thereafter. Osmotically induced changes in volumes of red cells
are complete in 2 s (Moronne et al., 1990), so the delay has some other explanation.
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Varying the Extent of Swelling

In terms of the two-state model (Eq. 1), activation by swelling increases the ratio of
rate constants, kia/kg;, due to an increase in & or a decrease in kg (Jennings and
Al-Rohil, 1990). These possibilities can be distinguished by determining the relation-
ship between the extent of swelling and 7, the time constant for relaxation to the new
steady-state flux. The ratio kjo/kg; is a direct function of extent of swelling. If ;o
increases, (k1o + ke1)~!, 7, must decrease with greater swelling. If k9, decreases, T must
increase with greater swelling. (It is also possible that there are changes in both rate
constants: an increase in ko and a decrease in ko, or an increase in both rate
constants, with a greater increase in kjs.)

In an attempt to determine which rate constant is volume sensitive, we determined
7 for cells swollen 20 and 50%. At time zero, solutions of three different osmolalities
containing #Rb were added to three aliquots of packed cells. All solutions contained

FIGURE 2. Time courses of K
mosmot/kg  uptake into LK sheep cells of
constant volume (A,®) kept in
media of normal, physiological
osmolality, 290 mosmol/kg

ol (290 - 290) or swollen ~20%

290~290 at time zero (A,O) by transfer

to hypotonic media of 240 mos-

mol/kg (290 — 240) simulta-

A neously with addition of #Rb.

Uptakes were measured in cells

ZQC(;:;?O in Cl (A,A) or Clfree media

® L 00-290 (@,0; methyl sulfate the substi-

tute anion), and are expressed

in millimoles/original liter of

o L 4 L S cells (i.e., the volume at physio-

Time (min) logical osmolality). The lines
were fitted by eye.

Cl
290 —+240

Q.0H-

K* uptake (mmal/original liter cells)
Q
o
&
T

10 mM KCl! and sufficient choline Cl to make the three final osmolalities, 290
mosmol/kg for cells at constant volume, 240 mosmol/kg for 20% swelling, and 190
mosmol/kg for 50% swelling. Fig. 3 shows the time courses of unidirectional K uptake
determined for 90 min. It was constant for cells of constant volume, and increased
with obvious delays for the swollen cells to final steady-state fluxes, which were
greater for the more swollen cells. It is important to note that the data in Fig. 3 (and
of all other time course experiments shown where there are obvious delays) fit
reasonably well to Eq. 2, which is a single exponential. The estimates of 7 for 20 and
50% swelling were nearly the same, 21 * 7 and 24 * 4 min, respectively, and
therefore there appeared to be no effect of the extent of swelling on 1. But the
question is of fundamental importance, so the experiment in Fig. 3 was repeated a
number of times.

Table I summarizes mean steady-state fluxes and time constants from the results of
the experiment in Fig. 3 and from seven other experiments like it. (Results of 11
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FIGURE 3. Time courses of K uptake into cells swollen ~20% (@) or ~50% (O) at time zero
by transfer from medium of normal osmolality to hypotonic media of 240 (290 ~> 240) or 190
(290 — 190) mosmol/kg. *Rb was added simultaneously. An aliquot of cells was kept at
constant volume in a medium of normal osmolality (A, 290 — 290). The flux into these cells
permitted estimation of J,, the initial steady-state influx. Shown below are J, and estimates of
the J,’s, the final steady-state influxes after swelling, and the 1’s, the time constants of the
relaxation to the final steady states. These estimates were obtained by a two-parameter
nonlinear least-squares fit of the results to a two-state model as described in Materials and
Methods. The lines in this and all subsequent figures (unless otherwise indicated) are from
these computer fits. Results of this experiment and seven others like it are summarized in Table I.

Estimated parameters

Steady-state influxes T
mmol/(original liter per h) min
Jo, constant volume (290 — 290) 0.17 (r = 0.998) -
J1» swollen 20% (290 — 240) 0.49 = 0.03 21 + 7
Ji» swollen 50% (290 — 190) 1.21 +0.07 24+ 5

other experiments of the same design were excluded on the basis of following not
very stringent constraints: either the time course of influx into cells of constant
volume did not remain constant [r < 0.99 for linear regression) or the standard
errors for the estimates of either of the parameters, J; or 7, exceeded the estimates.)
The final steady-state influxes were significantly different for the two extents of
swelling, but the time constants were not. There were large differences in the
estimates of time constants among experiments, ranging from 6 to 75 min for cells
swollen 20%, and from 5 to 36 min for cells swollen 50%. The time constant was
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greater for 20% swollen cells in five of the eight experiments, but the mean time
constants were nearly the same for the two extents of swelling. We conclude that both
k2 and k9 are volume sensitive, with k¢ increasing and k9| decreasing upon swelling.
The rate constants may change to varying extents in different experiments, but both
are nevertheless variable. Of course there may be conditions, for example with very
slight swelling, where only one rate constant changes, but this has not been tested,
and it would be difficult to do so.

Time Course of Shrinkage-inactivated K Uptake

If just one rate constant in the two-state model is volume sensitive, there will be an
asymmetric response to shrinking and swelling in the following sense. If the delay in
the response to swelling is due to a decrease in the rate constant for the reverse
reaction, there will be a much smaller time constant in the relaxation process after
shrinkage of swollen cells because this response will be due to an increase in this rate

TABLE 1

Analysis of Time Courses of Swelling-Activated K Influxes at Two Swollen Volumes in
Eight Experiments

Influx Steady-state influxes Time constant (7)
mmol/(original liter per h) min
Initial (/o) 0.26 = 0.03 —
Final (/,), 20% swelling 0.96 = 0.17 278
Final (J,), 50% swelling 1.62 = 0.23 20+ 4

Initial steady-state influxes were measured. Final steady-state influxes and time constants were calculated
using Eq. 2 (see Materials and Methods). Cells were swollen by transfer to media of (mosmol/kg) 240 (20%
swelling) or 190 (50% swelling). Shown are means = SEMs (n = 8) from the experiment in Fig. 3 and seven
others of the same design. The differences between the three steady-state fluxes were all statistically
significant (P < 0.05) as determined by a one-way analysis of variance and a multiple comparison test
(Fisher protected least significant difference). The two time constants were not significantly different
(P = 0.27; paired ¢ test, two-tailed).

constant (which is now the rate constant for a forward reaction). If both rate constants
are volume sensitive, then a significant delay is expected in the time course of
shrinkage inactivation of K influx as well as for swelling activation. To test this, we
compared time courses of swelling-activated and shrinkage-inactivated fluxes in the
same experiment. Fig. 4 shows the results of an experiment in which normal volume
cells were swollen and swollen cells were shrunken. The time constants for the two
relaxation processes were nearly the same, ~ 10 min. Therefore, the two relaxation
processes can be symmetrical, consistent with the view that both rate constants in the
two-state mode] are volume sensitive.

Time Courses in Rabbit Red Cells

As stated above, Jennings and Al-Rohil (1990) obtained results on rabbit red cells
which supported the view that only kg is volume sensitive. The time constant after
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FIGURE 4. Time courses of K uptake into cells either in normal medium (290 mosmol/kg) and
swollen at time zero (@, 290 — 220), or swollen by equilibration for 90 min in hypotonic
medium (220 mosmol/kg) and then shrunken at time zero by transfer to normal medium (O,
220 — 290). Aliquots of cells were kept at constant volume, swollen (A, 220 — 220) or normal
(A, 290 — 290}, for estimates of /,’s. Shown below are estimates from these results of initial and
final steady-state influxes (J, and J,, respectively) and the time constants (7) of relaxation to the
final steady-state fluxes. J, for swollen cells (220 — 220) and J, for initially normal volume cells
(290 — 220) were identical. Similar results were obtained in one other experiment of the same
design.

Estimated parameters

Initial cell volume

Steady-state influxes T
mmol/(original liter per h) min
Normal
Ja (290 — 290) 0.23 (r = 0.999) —
J1 (290 — 220) 1.12 = 0.02 10.6 = 1.1
Swollen
Jo (220 — 220) 1.12 (r = 0.997) —
Ji (220 — 290) 0.20 = 0.02 10.2 £ 0.9

swelling was larger with increased extents of swelling, and there was little delay in the
reduction of influx after shrinkage of swollen cells. To determine if the differences in
results between rabbits and sheep were attributable to a species difference or to
differences in techniques, we repeated the experiment in Fig. 4 on rabbit red cells.
We used unseparated red cells rather than young erythrocytes after fractionation on a
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density gradient as Jennings and Al-Rohil (1990) did. Our results on rabbit red cells
are shown in Fig. 5. Gratifyingly, we obtained the same results that Jennings and
Al-Rohil (1990) did: a significant delay (time constant of ~7 min) in the relaxation
process after swelling (filled circles), but no discernible delay in relaxation after
shrinkage of swollen cells (open circles). Therefore, there is a species difference.

mosmol / kg
3.0

220—+220

290 —+220

K* uptake (mmol /original fiter cells)

290+ 290

J
¢} 10 20 30 40

Time (min)

FIGURE 5. Time courses of K uptake into rabbit red cells either in normal medium (290
mosmol/kg) and swollen at time zero (@, 290 — 220), or swollen by equilibration 90 min in
hypotonic medium (220 mosmol/kg) and then shrunken at time zero by transfer to normal
medium (O, 220 — 290) (the design of this experiment was the same as the one in Fig. 4).
Aliquots of cells were kept at constant volume, swollen (A, 220 — 220) or normal (A,
290 — 290), for estimates of Jy’s. Values are shown to 40 min; these and four values from 50 to
90 min were used to obtain the estimates given below of final steady-state influxes (/,) and the
time constants (1) for relaxation to the final steady-state fluxes. There was no discernible delay
in the relaxation to J, after shrinkage of swollen cells (220 — 290).

Estimated parameters

Initial cell volume

Steady-state influxes T
mmol/(original liter per h) min
Normal
Jo (290 — 290) 0.91 (r = 0.999) —
J1 (290 — 220) 5.07 £ 0.22 6.8 27
Swollen
Jo (220 — 220) 4.35 (r = 0.999) —

71 (220 — 290) 0.84 (r = 0.994) —




DUNHAM ET AL.  Swelling Activation of K-Cl Cotransport 745
Effect of Reduced [Mg], on Time Course of Swelling-activated K Influx

Our results on steady-state kinetics lead to the expectation that there may be a more
complex time course than the two-state model provides. Swelling causes changes in
both Ji.x and K9, and the changes can be separated by manipulating [Mg]. (Bergh
et al., 1990). Therefore, we tested the effect of reduced [Mg]. on the time course of K
influx in swollen cells to determine if the overall time course of swelling activation

mosmol/ kg

290-+220
(low Mq)
290—+220
(normal)

290-+290

o5} A (jow Mg)

290 -+290
@ (normal)

K* uptake (normalized)

! L
0 15 30 60 90
Time (min)

FIGURE 6. Time course of K uptake into cells of normal Mg, (@,0) or low-Mg, cells (A,A)
{reduced by pretreatment with A23187 as described in Materials and Methods). Aliquots of
normal Mg, (O) and low-Mg, cells (A) were swollen ~ 30% at time zero by transfer to hypotonic
medium (220 mosmol/kg) (290 — 220). Other aliquots were kept at normal volume (@,A,
290 — 290) for estimates of Jy’s, the initial steady-state fluxes. Results are shown from two
experiments on cells from two different sheep. The fluxes differed by ~ 1.5-fold between the
two experiments. Therefore, the results were normalized by setting the highest flux in each
experiment at 1.0 and then calculating all other fluxes as the appropriate fractions. Shown are
the means of these normalized fluxes. The estimates of /'s and the final steady fluxes, /,’s, and
7’s, the time constant for relaxation to f;, are shown below. There was no discernible delay in
the relaxation to /, in low-Mg, cells; the values for this influx were well fitted by a straight line.
Similar results were obtained in three other experiments of the same design.

Estimated parameters

Cells
Steady-state influxes T
normalized fractions per 100 min

Normal Mg,

Jo (290 — 260) 3.2 (r = 0.989) —

]y (290 — 220) 10.6 = 0.02 8.1x13
Low Mg,

Jo (290 — 290) 6.0 (r = 0.995) —

Jr (290 — 220) 11.4 (r = 0.999) —
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could be resolved into two phases. The results in Fig. 6 suggest that it can. These are
the results of two experiments on cells from two different sheep, both control cells
(with unaltered [Mg].) and cells with reduced [Mg].. The absolute influxes in the two
experiments differed by a factor of ~ 1.5, so the results of the two experiments were
normalized as described in the figure legend. After swelling of control cells (open
circles), there was a typical delay in activation of influx (t = ~ 8 min). As expected, K
influx is stimulated in low-Mg. cells of constant volume (filled triangles) compared
with control cells of constant volume (filled circles) (Lauf, 1985), presumably due to
an increase in Jmax (Bergh et al,, 1990). Upon swelling, K influx in low-Mg, cells
increased further (open triangles), presumably due to a decrease in K;,3 (from ~80

0.4
mosmol / kg
) 220
B 245
A 65 FIGURE 7. Time courses of K
uptake into low-Mg, cells swol-
A 290 len at time zero to varying ex-

tents (~9, 14, or 32%) by trans-
fer to media of 265 (A), 245
0.2 A (O), or 220 (@) mosmol/kg,
respectively. Cells were also
kept at constant volume (290
mosmol/kg, A). The lines were
fitted by linear regression; all
correlation coefficients were
0.997 or greater.

K* uptake (mmol/original liter cells)

| | i 1
o 3 12
Time {min)

to ~30 mM [K], [Bergh et al., 1990]), but with the striking difference from control
cells that no delay in the time course of activation was discernible. In these
experiments, the final steady-state influx in cells swollen 50% is about the same in
cells with normal and reduced [Mg]., demonstrating the important point that the
effects of swelling and reducing [Mg]. are not additive.

To verify that the stimulation of influx by A23187 treatment and apparent
elimination of the delay are due to reduced {Mg]., the following control experiments
were carried out. In cells treated with A23187 + Mg, at 0.1 mM, the influx was not
stimulated, as will be shown below, and the usual delay was observed after swelling
(results not shown). In another experiment, cells were incubated in a nominally
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FIGURE 8. Time courses of K uptake into swollen cells, normal Mg, or low Mg, shrunken at
time zero. An aliquot of cells had been treated with A23187 to reduce {Mg],, and then ali cells
were swollen by equilibration with hypotonic medium (220 mosmol/kg) for 90 min. At time
zero, aliquots of the two types of cells were shrunken by transfer to 290 mosmol/kg medium (O,
low Mg,; @, normal Mg, 220 — 290) containing %Rb. Other aliquots of cells were kept swollen
(A, normal Mg,; A, low Mg,, 220 — 220), from which Jy's were estimated. Values are shown to
45 min; estimates of fo's, Ji's, and 7’s (shown below) were made using these and additional
values obtained at 60, 75, and 90 min. Similar results were obtained in two other experiments
of the same design.

Estimated parameters

Cells
Steady-state influxes T
mmol/(original liter per h) min

Normal Mg,

Jo (220 — 220) 1.48 (r = 0.999) —

Ji (220 — 290) 0.40 = 0.005 4.0+ 0.2
Low Mg,

Jo (220 — 220) 1.47 (r = 0.999) —

Jh (220 — 290) 0.90 = 0.06 14+ 4

Mg-free medium with A23187 for 10 min, and then Mg was added (to 0.1 mM). In
these cells also there was normal K uptake and the usual delay after swelling. These
results show that the elimination of the delay is reversible, and confirm that changes
in {Mg]. are responsible.

Fig. 7 shows time courses of K uptake into low-Mg, cells swollen to four extents,
from 9 to 32%, less than the 50% swelling in the experiments in Fig. 6. There were no
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discernible delays, showing that, within the limit of the method to resolve delays, the
elimination of the delay in low-Mg, cells was independent of the extent of swelling.

Time Course of Shrinkage-inhibited Influx in Low-Mg. Cells

It was important to determine the time course of shrinkage inactivation of K uptake
in low-Mg, cells. Fig. 8 shows influxes into swollen cells, both normal and low Mg,

mosmol/ kg
v 220-=220

290—+220

220-+290

290—230

K* uptake (mmol/original liter cells)

| 1 J

[¢] 15
Time (min) 30 45

FIGURE 9. Time courses of K uptake in low-Mg, cells either in normal medium and swollen at
time zero ((J, 290 — 220) or swollen by equilibration 90 min in hypotonic medium (220
mosmol/kg) and then shrunken at time zero (@, 220 — 290). Aliquots of cells were kept at
constant volume, swollen (V, 220 — 220) or normal (4, 290 — 290), for estimates of Jy's.
Values are shown to 45 min; estimations of parameters used these plus values obtained at 60
and 75 min. Shown below are estimates of final steady-state fluxes, /,’s, and 7, the time constant
for 220 — 290. There was no discernible delay for 290 — 220, and the values for this uptake
were well fitted by a straight line.

Estimated parameters

Initial cell volume

Steady-state influxes T
mmol/(original liter per h) min
Swollen
Jo (220 — 220) 2.30 (r = 0.999) —
Ji (220 > 290) 0.97 = 0.005 15.6 £ 2.8
Normal
Jo (280 — 290) 1.40 ¢ = 0.999) —
J1 (290 — 220) 1.83 (r = 0.997) —

kept at constant (swollen) volume, or shrunken at time zero. The delay with control
cells (filled circles) was slightly less than that usually observed (see Fig. 5). A delay of
a magnitude similar to that in most control cells (t = ~ 14 min) was observed with
low-Mg, cells (open circles). These results confirm the asymmetric behavior of
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low-Mg, sheep cells: no delay in the time course in one direction of volume change,
and delay in the other.

To confirm the qualitative differences between time courses of volume-sensitive
fluxes in normal and low-Mg. cells, the experiment in which aliquots of cells were
simultaneously swollen or shrunken (Fig. 4) was repeated on low-Mg. cells. The
results (Fig. 9) confirm the absence of a delay in swelling activation (open squares)
and the presence of a delay during shrinkage inactivation (filled circles) in low-Mg,
cells.

Ficure 10. X influxes in LK
sheep red cells in steady state
0.75 with intracellular Mg varied by
preequilibration in media with
various Mg concentrations

p ([Mglo) + A23187 (10 pM; see
% Materials and Methods). At
2 o050} zero [Mg],, the medium also
._3_:’ contained 1 mM EDTA. The
% influxes were measured after
g removal of the A23187, and
< were also measured on a con-
2 o.2s5}h trol aliquot of cells that had not
= been  preincubated  with
x

A23187 (). Fluxes are ex-
pressed in millimoles per liter
per hour. Error bars indicate
0 I J 1 ] SDs (n = 3). The curve was fit-
0 [Ma] 0. |(mM) 02 ted to the data using the equa-
° tion: J = 0.787 — {J./[1 + (Ki/
[Mg].))), where J = measured influxes in A23187-treated cells, [Mg], = extracellular {Mg]
during A23187 incubation, 0.787 = J at 0 [Mg],, /.. = 0.787 — the asymptotic, minimum influx,
and K; = [Mg], at half-maximal inhibition. Estimates of the constants were: J. = 0.657 = 0.057
mmol/liter per h and K; = 0.048 + 0.014 mM (*asymptotic standard errors). The minimum
flux was 0.787 — 0.657 = 0.130 mmol/liter per h. Similar results were obtained in two other
experiments of the same design (see text).

Relation between Cellular Mg Activity and Cotransport

The relationship between cellular Mg activity, ay,, and cotransport recently worked
out by Delpire and Lauf (1991) provides a basis for determining if dilution of ay,, due
to swelling can be the activating signal of cell swelling. (Reduction of aj, is unlikely to
be the only signal since swelling of low-Mg. cells activates cotransport further, but it
may nevertheless contribute.) We calculated from the results of Delpire and Lauf
(1991) that a twofold reduction of ay;, caused at most a 31% activation of cotransport.
This reduction of ay,, would require swelling by at least twofold, which would be lytic.
(The swelling required will, in fact, be greater because of buffering of changes in
ayg-) Much smaller extents of swelling cause much larger increases in cotransport
(Fig. 1). So, while Mg, may play a role in regulation of cotransport, a reduction in its
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activity by swelling does not appear to be the mechanism of the relief of inhibition of
cotransport by Mg..

This point was sufficiently important that we repeated the experiment of Delpire
and Lauf (1991). Fig. 10 shows K uptakes measured in cells that had been
preequilibrated in media with A23187 and a range of Mg concentrations from 0 to
0.2 mM. The influx in untreated cells (open diamond) was near the middle of the
range of rates of influx. Assuming that ay, in untreated cells is the same as in treated
cells with the same flux, ay, is in equilibrium with an exiernal [Mg] of 0.102 mM.
Reducing ay, twofold (cells in equilibrium with [Mg], = 0.05 mM) would have caused
only a 27% increase in K influx (estimated from the curve in Fig. 10), nearly the same

FiGUre 11. Steady-state K in-
fluxes into LK sheep red cells
3 with both normal Mg. (A,@®)
A cI” and low Mg, (A,O) swollen or
{normal) " shrunken in media of osmolali-
(low Ma)  ies above and below physiolog-
ical (3.45 [osmol/kg]™!; arrow
on the abscissa) and then equil-
ibrated 60 min to bring the
volume-sensitive  fluxes  to
steady state. The media con-
tained either Cl (A,A; total in-
flux) or NO; (@,0; Cl-indepen-
dent influx) as the anion. [K],
in all media was 10 mM. Fluxes
are expressed as millimoles per
original liter of cells per hour
Cl-free (i.e., the volume at physiologi-
{lowMg)  cal osmolality). The lines for
{normal)  total influxes were fitted by eye
except for normal Mg, cells be-
low 3.2 (osmol/kg)~!; this line
(osmol 7 kg) ™' and the lines for the Cl-inde-
pendent influxes were fitted by

linear regression.

K* influx (mmol/original liter cells x h)

as the 31% increase estimated from the results of Delpire and Lauf (1991). In another
experiment of the same design, a 17% increase in influx was estimated for a twofold
decrease in @y, These results support the conclusion that dilution of ayg by swelling
is not a major contributor to the signal of swelling.

The results in Fig. 10 can be used to estimate ay, in untreated cells. Assuming that
amg in the medium, ay, is the same as [Mg], (with Mg in the medium, no chelator of
divalent cations was added), ay, can be estimated from the [Mg], at which untreated
cells appeared in equilibrium, 0.102 mM, and from the proton gradient (A23187
promotes the exchange of divalent cations with protons). At steady state, the proton
gradient, [H]/[H],, is equal to [Cl}o/[Cl], and ay,/[Mgl, = {[C},/[C1]}2. Using
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{[Cl1o/[Cl])c}> = 2.06 as reported for LK sheep red cells (Delpire and Lauf, 1991),
ayg = 0.21 mM. In two other experiments of the same design, estimates for ay,, were
0.35 and 0.28 mM; the mean is 0.28 + 0.05 mM. Delpire and Lauf (1991) presented
somewhat higher estimates for ajy, in LK sheep red cells, 0.40-0.45 mM.

Steady-State Relation of Cotransport to Cell Volume in Low-Mg, Cells

The experiment in Fig. 1 was repeated on low-Mg, cells: K influxes in the presence
and absence of Cl in low-Mg, cells equilibrated in media with a range of osmolalities,
and plotted against (osmol/kg)~!; the results are shown in Fig. 11 (open symbols).
(Similar results were obtained on the relationship between K-Cl cotransporter and
cell Mg in dog red cells; Parker, McManus, Starke, and Gitelman, 1990.) Measure-

015~ swelling FIGURE 12. Time courses of K
uptake into cells swollen ~20%

a fost {ls) either rapidly (A, ~1 s) or
_ stow (155} slowly (O, ~15 s). Swelling was
2 achieved by appropriate addi-
s tions of hypotonic medium to
2 o101 - . .
= suspensions of cells in medium
g of normal osmolality, 290 mos-
s mol/kg. The hypotonic me-
E dium contained 10 mM K and
£ e control 10 mM Tris-HCl, pH 7.4. For
£ cosk rapid swelling, a sufficient vol-
a * . .
E ume of the hypotonic medium
x

was added to a cell suspension

(with rapid mixing) to reduce

osmolality to 240 mosmol/kg.

For slow swelling, 5 vol of the

o L Is . |Jz hypotonic medium was added

Time (min) at 3-s intervals so that the final

osmolality was also 240 mosmol/kg. One aliquot of cells was kept at constant volume in normal

medium (@). The lines were fitted by eye. Similar results were obtained in three other
experiments of the same design.

ments on control cells (normal Mg.) were determined in the same experiment (filled
symbols). The results with control cells were similar (but not identical) to those in Fig.
1: constant Cl-dependent flux of ~0.08 mmol/liter per h in the most shrunken cells,
at <3 (osmol/kg)~!. (This is threefold higher than the minimum Cl-dependent flux
in Fig. 1. The substitute anion was MeSOy in Fig. 1 and NOj in Fig. 11. The
difference in Cl-dependent fluxes could mean either that NOs is an inhibitor or that
MeSO, is a substrate; on the other hand, different sheep were used as donors in the
two experiments.) For low-Mg, cells, the flux in Cl-free media was also independent
of cell volume and was only slightly higher than in control cells (0.27 vs. 0.23
mmol/liter per h). At shrunken volumes, the Cl-dependent K influx in low-Mg, cells
was greater than in control cells. Cl-dependent K influx in severely shrunken low-Mg,
cells appeared to reach a constant minimum of ~0.22 mmol/liter per h. In low-Mg,
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cells of physiological volume and swollen somewhat, K influx was higher than in
control cells, but in cells swollen ~50% (5 [osmol/kg]~') the curves converge as
expected. Fig. 6 shows that the K influxes are the same in normal Mg, and low-Mg,
cells ~1 h after 50% swelling and effects of reducing [Mg]. and swelling are not
additive.

Effect of Rate of Swelling on Time Course of Influx

One question arising about the signal for swelling is whether the rate of change in
volume is important. For example, if the signal is a consequence of a transient
mechanical pressure arising during swelling, or a rapid decrease in the concentration
of a signal solute, then the rate of change of cell volume would be critical. The results
of several experiments suggest that it is not. The strategy was to induce the same
extent of swelling either in a single step reduction in osmolality or in five step
reductions 3 s apart to permit volume to reach a new steady-state between each step.
In the two procedures the final extents of swelling were the same, but the maximum
transient pressure in the second procedure was probably fivefold less than in the first.
The time courses of increase in influx were nearly the same (Fig. 12). This
experiment was repeated with low-Mg, cells with the same result (not shown). These
results are consistent with those of Lohr and Grantham (1986), who found that very
gradual volume changes of kidney tubules could elicit regulation of cell volume.

DISCUSSION

The object of this study was the signal transduction process by which changes in cell
volume modulate the activity of the K-Cl cotransporter. The approach was to study
the time courses of the swelling- or shrinkage-induced changes in rates of K transport
in LK sheep red cells. The goal was to determine the simplest model to which the
results could be fitted, and to identify the steps in the model that are sensitive to
changes in cell volume. Using this approach, Jennings and Al-Rohil (1990) obtained
results in rabbit red cells that could be fitted to a two-state model in which swelling of
the cells activates transport by inhibiting a reverse reaction, not by stimulating a
forward reaction. As explained above, the evidence was mainly of two types. First,
after swelling, the time constant of relaxation to a new steady-state flux increased
with greater extents of swelling. Second, there was little delay in relaxation to a new
steady-state flux after shrinkage of swollen cells.

Our results with sheep red cells differed from those on rabbit cells in two important
respects. First, the magnitude of the time constant for relaxation after swelling did
not vary significantly with the extent of swelling (Fig. 3; Table I). Second, there were
similar time constants for reaching new steady-state fluxes after swelling of normal
cells and after shrinkage of swollen cells (Fig. 4). In a two-state model, these results
require that both forward and reverse reactions are volume sensitive since the time
constant, (ko + ko)~ !, is constant and ky9/ks; increases with increased swelling. The
rate constant for the forward reaction must increase with swelling and the rate
constant for the reverse reaction must decrease. We obtained some of the same
results on rabbit red cells (Fig. 5) as Jennings and Al-Rohil (1990) did, which shows
that rabbits and sheep are different, and that the differences in results on cells from
the two species are not attributable to techniques.
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Three-State Model

The time courses of changes in K influx with low-Mg, cells (Figs. 6-8) indicate that
the simple two-state model, Eq. 1, is inadequate to explain the results on sheep cells.
An important test for the two-state model is that the rate of approach to a new steady
state should depend only on the final condition and not on the direction of approach
(Jennings and Al-Rohil, 1990). Swelling activation of normal Mg, and low-Mg, cells
proceeds to the same final steady state with very different time courses. The simplest
interpretation of these results is that there are three states. Several three-state models
can be considered: linear models, A « B « C, in which A cannot go directly to C,
and triangular models,

Ao C
N
B

in which all three states are interconvertible. A linear model has four rate constants
and a triangular model has six. In this sense the linear model s simpler, though the
rate constants have a degree of interdependence in the triangular model. A
triangular model was not considered because a linear three-state model was found to
which the results could reasonably be fitted.

It will be assumed that one state predominates in swollen cells with or without Mg,
because the flux is the same in swollen cells * Mg.. Another state is assumed to
predominate in cells of normal volume and normal Mg, and a third in cells of
normal volume and low Mg.. It is unlikely that the state predominating in swollen
cells is the state in the middle (B) because direct conversion would be precluded
between the two states predominating in cells of normal volume. It is also unlikely for
two reasons that the state predominating in normal volume, normal Mg, cells is in
the middle. First, if the B — C conversion were Mg dependent (which it would be if
normal Mg, cells were the middle state), then the flux could not be activated in cells
of normal, constant volume by reducing Mg, and it can be. Second, it was shown that
reducing cell Mg, activates the flux and swelling low-Mg, cells activates it further.
However, lowering the Mg, of swollen cells does not activate the flux further.
Therefore, normal volume, low-Mg. cells must be intermediate between normal
volume, normal Mg, cells and swollen cells, and the middle, B state predominates in
these cells. The three-state model is:

kg ko
A=B=C (3)
ko ks

with A state transporters having a low flux rate (or perhaps zero flux) and
predominating in cells of normal volume and normal Mg, Reduction of Mg,
increases the fraction of transporters in the B state, which have a higher flux. The
conversion to the C state, with the highest flux, is caused by swelling of cells of
normal Mg, (A = B — C) or swelling of low-Mg, cells (B — C). Swelling activates by
inducing the same effect as reducing Mg, but has an additional effect since swelling
can activate the flux in low-Mg_ cells. The swelling-induced activation of A — B is rate
limiting. Two relaxation processes might be resolvable, but arguments will be made
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that B — C and B — A are rapid (t < 1 min), so the time courses of K uptake after
swelling of normal Mg, cells and shrinkage of swollen cells appear as single relaxation
processes with time constants of 10—20 min.

These proposals are consistent with our earlier findings from steady-state kinetics,
which showed that the swelling-induced changes in /.« and K for K|, are separable,
and that the increase in Ji,,x can be induced by reducing [Mg]. (Bergh et al., 1990).
Thus the two swelling-induced changes in kinetic constants would be in sequence,
first a slow, rate-limiting increase in Ji,x dependent on Mg, (A — B), followed by a
rapid decrease in K2 (B — C).

An alternative to a three-state model is a two-state model in which the rate
constants can change slowly. With this type of model, the time courses of changes in
transport would not be single exponentials because there would be an exponent of an
exponent in Eq. 2. All the slow time courses shown above were fitted by single
exponentials, indicating that the time constants for the change in the rate constants
are too small to be resolved. Therefore, this type of model does not appear to apply.

In the following sections, the data will be analyzed in terms of the model in more
detail in the hope of gaining further insight into the signal transduction process.
Considerable reliance will be placed on assumptions and guesses. First, estimates will
be made of the four rate constants in the three-state model. From these, time
constants will be calculated and compared with measured time constants for swelling
activation and shrinkage inactivation of K influx. Next, estimates will be made of the
fluxes through the transporter in each of its three proposed states and of the kinetic
constants, Jmax and K)o, for each of the states. The rate constants will be used to
calculate the equilibrium distribution of the states in cells at normal volume + Mg,
and at swollen volume. From the distribution of states and the flux through the
transporter in each state, fluxes will be calculated for cells in each of these three
conditions. Similarity of calculated fluxes to measured fluxes will contribute to
validation of the model and of the various assumptions and guesses used to generate
the calculated fluxes.

Rate Constants

ko3 and k3. The time courses of swelling activation and shrinkage inactivation for
low-Mg, cells have been determined (Figs. 6-9). In the terms of the three-state
model, these changes are associated with the conversions

ka3
B=C

k32
For convenience, the swelling activation and shrinkage inactivation will be denoted
B — C and C — B, respectively, even though there are C state transporters in cells of
normal volume and B state transporters in swollen cells. The following conclusions
can be drawn about the rate constants for the changes in low-Mg, cells, ky3 and kso.
B — C is rapid (t < 1 min), presumably due to an increase in kg3. C — B is slow,
probably due primarily to a decrease in kys. The results suggest further that with
swelling both kg3 and ksg increase. The argument is as follows. At some point along
the steep portions of the curves in Figs. 1 and 11, half of the transporters must be in
the C state; with >50% of transporters in the C state, the slope of the curve would
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decrease as C, the fraction of transporters in the C state, approaches 1.0 (the slope is
beginning to decrease in Fig. 1 near 5 [osmol/kg]~!). In Fig. 11 for low-Mg_ cells, the
other half of the transporters must be in the B state (reducing [Mg]. promotes the
A — B conversion). It would be possible to estimate the individual rate constants, kg3
and k39, for B — C if 7 for this process were known. There was no discernible delay,
but a T of 1 min will be assumed (near its lower detectable limit). At the volume where
B = C, kg3 and ksy are the same and 7 = 1/(kos + k32) = 1.0 min. Therefore, ko3 =
kss = 0.5 min~! (these are, of course, lower limit estimates of the rate constants).

k3o as well as kg3 must have increased with swelling, though to different extents, for
the following reasons. For shrinkage-induced inactivation of low-Mg, cells (C — B), T,
(kas + ksg)~!, was ~ 15 min (Figs. 8 and 9), and the sum of the rate constants at the
new steady state after shrinkage, k93 + ks = 0.07 min~! (1/15 min~Y), is less than
either ko3 or k39, 0.5 min~!, for swollen cells. Therefore, both rate constants must
decrease with shrinkage, and both must increase with swelling. After shrinkage, the
ratio ksg/kes must be >1 (because B > C), but k3p cannot exceed 0.07 min~!. If, for
example, ksp/kes = 4 in low-Mg, cells of normal volume, ko3 = 0.014 and k35 = 0.056.
With swelling to the volume at which B = C, kg3 would increase ~ 36-fold and ks
would increase ~ 9-fold, each to 0.5 min~!. Only if 7 for B — C had exceeded 5 min
would it have been possible to argue that k39 is volume insensitive, and a delay of 5
min could easily have been detected. (The same general conclusions about kg3 and ksp
would be reached if T for B — C were much less than 1 min, though the specific
estimates of the rate constants would be different.) The estimates of ko3 and k3o
obtained from the ratio kso/kes = 4 will be used in calculations below. Other
assumptions about kss/ke3 gave less satisfactory results.

That kg3 and ksg, the forward and reverse rate constants for B 2 C, change in the
same direction with volume changes is consistent with the view that they are rate
constants for a single reaction (even though they change to different extents).

k;> and ky;. The time courses of the

kg
A=B
k?l
conversions in sheep cells have not been determined; they occur during incubation
with A23187. However, they can be inferred. Since A — C is slow (t = ~ 10 min) and
B — Cis rapid (1 < 1 min), A — B is rate limiting and probably has the same time
course as A — C, i.e., a 7 of ~ 10 min. Therefore, ks + k2; = 0.1 min~! for A —> B. It
will be argued below that k3| is volume sensitive, decreasing with swelling. The time
course of B — A can also be inferred. With the same extents of shrinkage, C — B and
C — A both have slow time courses of relaxation (Fig. 8). Therefore, C — B is rate
limiting and B — A may have a small time constant associated with a shrinkage-
induced increase in kg, and k19 + ko) = at least 1.0 min~! for B — A. Taking 7 = 10
min for A — B and 1 min for B — A and assuming that k5, decreases 100-fold with
swelling and that k15 is constant, the following values can be calculated: k15 = 0.091
min~!, ko) decreases from 0.91 to 0.0091 min~! with swelling, and ko/kq| increases
from 0.1 to 10.
In the time courses of the A 2 C conversions (swelling and shrinking of normal
Mg, cells), there are similar delays in the conversions in the forward and reverse
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directions (Figs. 3, 4, and 7 and Table I). The rate constants are complex because of
the intermediate state (Stein, 1986):

(k12°kgs)/ (kor + kas)
— “)
(ka1 h39)/ (koy + k)

This formulation can be used to gain further insight into the process. The A — C
conversion can be considered in simpler terms by noting that upon swelling the ratio
(k12 * kos)/ (ko1 - ks9) increases (the two denominators are the same). Since forward and
reverse A & C conversions can occur with similar rate constants of ~ 10 min (Fig. 4),
swelling must cause an increase in the numerator and a decrease in the denominator.
It was argued above that both kg3 and k39 increase with swelling. Therefore, ko) must
decrease with swelling, as was just assumed. The results indicate that &y, is the rate
constant for a reaction promoted by Mg. There is no evidence that &3 is volume
sensitive, but as shown above, it needn’t be, and it is assumed to be volume
insensitive.

TABLE 11

Estimates of the Rate Constants in the Three-State Model for Volume-sensitive K-Cl
Cotransport in Normal Mg, Cells

Rate constants

Time constants (1)

Normal volume Swollen 50%
min~!
ko 0.091 0.091 Normal - swollen 10 min
kg1 0.91 0.0091
kos 0.014 0.50 Swollen — normal 18 min
k3o 0.056 0.50

Time constants for swelling-activated and shrinkage-inactivated transport were calculated from the rate
constants. See text for the procedures for estimating the rate constants. T = (k| + kos)/(hizkas + korks2) (see
Eq. 4). 7 was calculated for the normal — swollen conversion from the rate constants for swollen cells and for
the swollen — normal conversion from the rate constants for normal volume cells.

The estimates of the four rate constants in the preceding paragraphs for cells of
normal and swollen volumes are presented in Table II. From these rate constants, the
time constants were calculated for the A 2 C conversions, swelling activation and
shrinkage inactivation of normal Mg, cells. The time constants were taken to be equal
to the reciprocal of the sum of the numerator and denominator in Eq. 4. These time
constants, shown in Table II, 10 min for swelling and 18 min for shrinking, are of the
same order of magnitude as those observed in all experiments (e.g., Table I and Fig.
4). They differ from one another, but by less than a factor of two, and in some of our
experiments the time constants were this different. These calculated time constants
are consistent with the conclusion that both a forward and reverse rate constant are
volume sensitive. The rate constants in Table II will be used below to calculate the
equilibrium distribution of states of the transporter after making estimates of the
fluxes through the transporter in the three states.
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Fluxes through the Transporter in the Three States

The results in Figs. 1 and 11 on steady-state fluxes over a range of cell volumes were
used to make estimates of the fluxes through the transporters in the A, B, and C
states of the model at {K], = 10 mM, the concentration in all experiments. In Fig. 1,
shrinking the cells by increasing the osmolality above normal resulted in a substantial
decrease in the Cl-dependent K influx, but not to zero. Between 2.8 and 2.4
(osmol/kg)~!, the four lowest levels of (osmol/kg)~! used, the Cl-dependent K influx
was constant at 0.023 = 0.003 mmol/original liter of cells per h, approximately
sevenfold lower than the Cl-dependent flux in normal medium (similar results were
obtained in Fig. 11). In the three-state model, shrinking increases the fraction of
transporters in the A state, but to what extent cannot be specified. The constant
minimum flux over a range of hyperosmolalities is taken to mean that all of the
transporters are in the A state, and that the flux in this state, /4, is not zero, but is
0.023 mmol/original liter of cells per h. Implicit in this argument is the assumption
that all transporters remain active, but slower, with shrinkage. There is no evidence
to support this assumption,; if it is wrong, some of the conclusions drawn below will be
incorrect quantitatively, but valid qualitatively.

The results in Fig. 11 on shrunken low-Mg. cells would permit making an estimate
of the flux through B state transporters if the ratio B/A were known. This ratio is
obviously not known with certainty, but can be argued to be high, say 10, on the
following grounds. There is no obvious delay in the swelling activation of low-Mg,
cells, so most of the transporters must be in the B state. A substantially larger fraction
remaining in the A state would have resulted in an appreciable delay in activation of
K influx by swelling. Therefore, in shrunken, low-Mg, cells, Cl-dependent K influx
should be close to Ja at 10 mM [K],. It was 0.22 mmol/original liter of cells per h in
Fig. 11, ~10-fold higher than the estimate for /4 at 10 mM [K],, the Cl-dependent
influx in shrunken, normal Mg, cells. We will use 0.22 mmol/original liter of cells per
h as an estimate of /g.

The curve for low-Mg, cells in Fig. 11 is steep in the region of 4.5 (osmol/kg)™},
indicating (as argued above) that a majority of the transporters have not been
converted to the high-flux C state (had they been, the curve would display a
decreasing slope, which it appears to do in more swollen cells). /¢, the flux through C
state transporters, can be calculated if it is assumed that 50% of transporters are in
the C state and 50% in the B state at 4.5 (osmol/kg)~! and B + C = 1.0. (It is also
assumed that there are no transporters in the A state in swollen low-Mg, cells.) [ is
0.22 mmol/liter per h. The total Cl-dependent K influx, Jr, in low-Mg, cells at 4.5
(osmol/kg)~!is 1.7 mmol/liter per hand Jc = [Jr — (1 = C) - Jg]/C = 3.2 mmol/liter
per h. This rough estimate of /¢ is > 100 X J4. The estimate is somewhat sensitive to
the assumption of C as follows. For C = 0.3, /¢ = 5.5 mmol/liter per h; for C = 0.7,
Jc = 2.3 mmol/liter per h. The next step in the analysis is to obtain estimates of the
kinetic constants for the transporters in the three states.

Kinetic Constants

The conversion B — C was concluded above 1o involve a decrease in the K9 of the
cotransporter for K,. It is possible to make an estimate of the magnitude of this
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change. The Michaelis-Menten equations for Jp and J¢ are: Jg = Juma/{l +
(K} o/[Klo)} and Jc = Jmax/ {1 + (K{/9/[Klo)} , where K¥, and K|, are the K, 9’s for K,
of the B state and C state transporters, respectively. Jmax is assumed to be the same
for the B and C states (the increase in [, was concluded above to take place with the
A — B conversion). The calculation requires a value for Jc/Jp; it is 14.5 (J¢ and Jg
were estimated above to be 3.2 and 0.22 mmol/original liter of cells per h,
respectively). Solving each Michaelis-Menten expression for Jun.., equating one
expression to the other, and rearranging yields:

KYo = {JelJsll + (K§)9/[K1o)] — 1)(K], (5)

Neither of the Kj9’s is known, but a guess about K, can be made. The lowest K5 we
observed in swollen cells was 28 mM (Bergh et al., 1990), some combination of the
Kys's of A, B, and C state transporters, but mostly B and C. K}/, was calculated from
Eq. 5 with [K], = 10 mM and assuming, for a start, that K{,, = 15 mM. The K}
obtained was 353 mM. If K¥,, is assumed to be 1 mM (15-fold lower), K}/5 is 150 mM,

only 2.4-fold lower. Therefore, the estimate of K}, is not highly sensitive to the
assumption of K§;. Is K}, likely to be as high as 353 mM? We have attempted to
measure the K of shrunken cells, which it is expected to exceed 80 mM, the K of
normal volume cells (Bergh et al., 1990). The curves for flux vs. [K], were
indistinguishable from straight lines (results not shown); we could probably have
detected a Ky/2 of 150 mM. Therefore, a K}, >200 mM is not unreasonable. With
K%y = 15 mM, Jc = 3.2 mmol/liter per h, and [K], = 10 mM , JS., is 8.0 mmol/liter
per h, which is reasonable: measured Jmay’s in swollen cells are in the range of 6-10
mmol/liter per h (Bergh et al., 1990), and we assume that the J,,’s are the same for
the B and C states. If K$,, were assumed to be much lower than 15 mM, then
unreasonably low Jma's would be predicted (e.g., for Ky =5 mM, ji. =48
mmol/liter per h). Therefore, the assumption of Ki, = 15 mM does not appear
unreasonable and K, appears to decrease 20-fold (from 353 to 15 mM) with the
swelling-induced B — C conversion. /2. was calculated to be 8.0 mmol/liter per h
from]B = 0.22 mmol/liter per h at 10 mM [K], and K}, = 353 mM. The identity of
/2., and JS,is gratifying and may appear to validate the calculations, but is in fact a
consequence of them. J4_ was calculated from K7, (Ky;2 was assumed to be the same
for the A and B states) and [ at 10 mM [K],, 0.023 mmol/liter per h.

Table III shows the estimates developed above of the fluxes through the trans-
porter in the three states at 10 mM [K], and the estimates of the Kj,»’s and Jmax’s for
the three states. The calculations used the assumptions outlined above that K,,; does
not change with the A 2 B conversions and Jn.« does not change with the B & C
conversions. There is support for these assumptions in our earlier work (Bergh et al.,
1990) and in this study, but they may be oversimplifications. It is also assumed that
the number of functioning transporters does not vary with cell volume; i.e, that A +
B + C is constant. This means that increasing Ji.x requires an increase in the
turnover number of the transporters, not an activation of latent transporters. This
may also be incorrect. On the other hand, the analysis has yielded numbers that do
not seem totally unreasonable, and which can explain how, with swelling of shrunken
cells, Ko decreases ~ 20-fold, Jmax increases ~ 10-fold, and influx increases > 100-
fold.
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TABLE 111
Estimates of [4, s, and Jc, the K Influxes at 10 mM [K]y through the Three States of
the Transporter in the Three-State Model, and of the Kinetic Constants for K Influx
for the Three States, Jm.x and K;/2

State J Ky jmax
A 0.023 353 0.83
B 0.22 353 8.0
C 3.2 15 8.0

J and J i, are in millimoles/original liter of cells per hour; Kq is in millimolar. The assumptions and other
bases for the calculations of the values are explained in the text.

If there are two Kj,'s for K influx, then the double reciprocal plots of Cl-
dependent K influx in Bergh et al. (1990) should not be straight lines, but should
bend toward the origin at high [K],’s. We calculated K influxes for two K ,9’s, 15 and
353 mM, with an equal number of transporters at the two K),2’s, and [K]o's up to 120
mM, the highest [K], used in Bergh et al. (1990). In a double reciprocal plot of these
calculated fluxes, the flux at 120 mM [K], was 96% of the flux at 120 mM estimated
from a nonlinear least-squares fit to the calculated values. Therefore, because the
highest [K], is one-third of the higher K, the double reciprocal plot of the
calculated fluxes was difficult to distinguish from a straight line; the same would be
true for experimentally determined fluxes.

Equilibrium Distributions of States

From the rate constants in Table II, it is possible to calculate the equilibrium
distribution of the three states of the transporter using the King-Altman method
(Stein, 1986). The relative numbers of transporters (as fractions) for cells of normal
volume, both normal and low Mg, and cells swollen 50%, are shown in Table IV. For

TABLE 1V

Estimated Equilibrium Distribution of Transporter in the Three States (N = Fraction
in Each State), and Contributions of Each State to Total Flux ( J), in Normal Mg,
and Low-Mg, Cells of Normal Volume and Swollen 50%

Cells A state B state C state Total Measured
fluxes
Normal volume, normal Mg, N 0.889 0.089 0.022 1.0 —
7 0.0205 0.0196 0.0704 0.111 0.14
Normal volume, low Mg, N 0.074 0.741 0.185 1.0 —_
J 0.002 0.163 0.592 0.757 0.81
Swollen 50%, + Mg, N 0.048 0.476 0.476 1.0 —
J 0.001 0.105 1.523 1.629 1.7

Measured fluxes for cells of the three conditions are shown for comparison. N, the fraction of transporter in
each state, was calculated using the King-Altman method (Stein, 1986) for a linear three-state system using
the rate constants from Table Il as follows. T = A + B + C, where A, B, and C are the fractions of the
transporters in each state and the total, 7, = 1.0. A/T = kpksp/Z; B/T = kypksy/E; C/T = kighes/2; 2 =
korksa + kizkse + kyokes. J, the flux through the transporters at 10 mM [K], in each state, were Ja'A, [&'B,
and Jc'C; Ja, Js, and Jc were from Table III. The fluxes are in millimoles per original liter of cells per hour.
The measured fluxes are from Figs. 1 and 11 (see text).
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cells of normal volume and normal Mg, and for swollen cells, the rate constants in the
columns labeled “normal volume” and “swollen 50%” in Table II, respectively, were
used. For cells of normal volume and low Mg,, it was assumed that k93 and k39 were
those of normal volume cells, but that the reduction of Mg, caused the 100-fold
reduction of kg, to that of swollen cells. The calculated distributions of the transport-
ers among the three states for celis of the three different conditions were as expected:
mostly A state in cells of normal volume and Mg, mostly B state in low-Mg, cells, and
equal fractions of B and C states in swollen cells.

It is important to compare measured fluxes with fluxes calculated from (a} the
estimated fluxes through the transporter in each state (Table III) and (b) the fractions
of the transporters in each state (Table IV). These calculated fluxes are shown in
Table IV, along with measured fluxes from Figs. 1 and 11. In cells of normal volume
and Mg, the calculated flux, 0.11 mmol/liter cells per h, is a bit lower than the
Cl-dependent flux at normal volume in Fig. 1 (0.14 mmol/liter cells per h); it is about
half of the Cl-dependent flux in cells of normal volume and Mg, in Fig. 11. In
low-Mg, cells the calculated fiux, 0.76 mmol/original liter cells per h, is nearly the
same as the measured flux for such cells in Fig. 11 (0.81 mmol/liter cells per h). The
calculated flux for cells swollen 50%, 1.6 mmol/original liter cells per h, is nearly the
same as the measured flux in cells swollen 50% in Fig. 1 (1.4 mmol/liter cells per h),
and is a bit lower than the flux for such cells in Fig. 11 (2.0 mmol/liter celis per h).
The similarity of the measured and calculated fluxes for cells in the three conditions
helps to validate the model and also the assumptions and approximations made in
estimating the rate constants (Table II), the fluxes through each state (Table III), and
the kinetic constants (Table III). Of course there are a lot of adjustable parameters;
however, in addition to the fluxes, the kinetic constants and equilibrium distribution
of states appear reasonable.

Signals of Volume Change

The results on signal transduction may help illuminate the nature of the signal of
changes in cell volume. Two classes of signals can be envisioned: a change in
concentration of a cytoplasmic solute, and a mechanical change in the membrane. In
red cells there is evidence against both of these classes of signals. Jennings and Schulz
(1990) presented results suggesting that the signal of swelling in rabbit red cells is not
a mechanical change in the membrane. Echinocytes and discocytes, which have
drastically altered membrane shapes, have the same rate of K-Cl cotransport as the
erythrocytes from which they were formed. In contrast, Sachs (1988), O'Neill (1989%),
and we (Dunham and Logue, 1986; Kracke and Dunham, 1990) have presented
results suggesting that the signal is not a change in concentration of a cytoplasmic
solute. Volume-sensitive K-Cl cotransport was observed in resealed human red cell
ghosts, which are nearly devoid of cytoplasm, and in IOVs made from LK sheep red
cell membranes; IOVs have no cytoplasm. (Brugnara, Van Ha, and Tosteson [1988]
found very little effect on K-Cl cotransport of varying the volume of resealed human
red cell ghosts. There is no obvious explanation for this different result.)

The disparate results on the nature of the signal are a conundrum that we try to
resolve by proposing two different signals in series (Dunham, 1992). We propose that
a mechanical signal promotes the B — C conversion and that a dilution of a
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cytoplasmic solute promotes the A — B conversion. The bases for these suggestions
are as follows. Human erythrocytes have the same slow rate of swelling activation as
rabbit and sheep red cells (Kaji and Tsukitani, 1991), but swelling activation in
human resealed ghosts proceeds without measurable delay (Sachs, 1988). In recent
measurements of K influxes into sheep red cell IOVs, there was also no discernible
delay in the time course of swelling activation of the influx (which was sevenfold for
30% swelling) (Dunham, 1992; Kelley, S. J., and P. B. Dunham, unpublished results).
Therefore, we conclude that the making of ghosts and IOVs somehow induces the
A - B conversion, which is consistent with our earlier observation that K-CI
cotransport is considerably higher in resealed ghosts than in intact cells (Dunham
and Logue, 1986). In the three-state model, it is from the B state that swelling
activation occurs without delay. If only the B — C conversion takes place in ghosts
and IOVs, it follows that the signal for the B — C conversion is mechanical. The
nature of the mechanical change which is the signal is unclear; it has been claimed
not to be tension or a change in radius of curvature of the membrane (Kracke and
Dunham, 1990). Fig. 12 shows that the rate of application of the signal is not critical.
A role for the cytoskeleton has been proposed in sensing cell volume in cells in
general (Mills, 1987; Hoffmann and Simonsen, 1989; Watson, 1991) and in red cells
in particular (Garay, Nazaret, Hannaert, and Cragoe, 1988).

If a mechanical signal can activate cotransport in sheep cells, the question arises
why Jennings and Schulz (1990) saw no activation in rabbit cells with mechanical
distortion of the membrane. If the two-state model applies to rabbit red cells, there is
no B — C conversion. Perhaps the A — B conversion in sheep cells, as in rabbit cells,
cannot be provoked by a mechanical signal, but by a dilution of a cytoplasmic solute
as Jennings and Schulz (1990) have proposed (though a specific solute was not
implicated). Our results (Fig. 10) suggest that in sheep cells, dilution of [Mg]. is not
the primary signal (but it could be in rabbit cells). Colclasure and Parker (1992)
recently proposed that dilution of total cytoplasmic protein is the signal for swelling
activation of K-Cl cotransport in dog red cells. These authors claimed that their
results were not comparable to ours on IOVs since much of the volume-dependent K
flux in IOVs was Cl independent. In fact the Cl-dependent K flux was increased
sixfold by fourfold swelling (Kracke and Dunham, 1990). Obviously the question
about the signal(s) of swelling is unsettled; the answer is more complex than
originally envisioned if two signals operate in series.

Role of Phosphate Metabolism

Jennings’s group (Jennings and Al-Rohil, 1990; Starke and Jennings, 1993) has
argued that two separate reactions control the

kg

=B

ko,
conversions in rabbit cells, for which a two-state model applies. They presented
evidence that k3 is the rate constant for a volume-insensitive protein phosphatase
and suggested that kg, is the rate constant for a volume-sensitive (swelling-inhibited)
protein kinase. In preliminary experiments, we showed that a protein phosphatase
inhibitor, okadaic acid, inhibits K-Cl cotransport in sheep red cells (Dunham, 1992),
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and this may be the A — B reaction. B — C in sheep cells is unlikely to be promoted
by the same kind of protein phosphatase envisioned for A — B in rabbit cells if the
latter is volume insensitive; we proposed above that B — C in sheep cells is promoted
by a swelling-activated reaction.

The increase in f,, which we suggest is associated with the A — B conversion,
must be due to a decrease in kg, the rate constant for a reaction requiring Mg,
presumably a swelling-inhibited, Mg-dependent protein kinase. As argued above,
swelling inhibition of this Mg-dependent reaction cannot be accounted for by dilution
of ay,, so there is some other signal of swelling that inhibits this reaction, perhaps by
moditying the binding of Mg to something, though to what and how this could work
are not understood. Even less can be said about the proposed decrease in K| for K,
associated with the B — C conversion, except that there is no strong evidence for a
role of a kinase or a phosphatase (Sachs, J. R, and D. W. Martin, manuscript
submitted for publication). We hope that our proposal for a mechanism for signal
transduction for volume-sensitive K-Cl cotransport in sheep red cells will lead to
experiments that will help illuminate regulation of transport pathways involved in the
control of cell volume.

We are grateful to Ms. Carolyn Dillie for expert assistance, to Dr. Isabel Bize, Department of Biology,
Syracuse University, and Dr. Promod Pratap, Department of Pharmacology, SUNY HSC at Syracuse,
for helpful discussions, and to Dr. Deepak Kaji, Renal Section, Veterans Administration Medical
Center, Bronx, NY, and Dr. John R. Sachs, Department of Medicine, SUNY HSC at Stony Brook,
NY, for showing us unpublished results.

This work was supported by grant DK-33640 from the National Institutes of Health.

Original version received 26 August 1992 and accepted version received 8 February 1993

REFERENCES

Bergh, C., S. J. Kelley, and P. B. Dunham. 1990. K-Cl cotransport in LK sheep erythrocytes: kinetics
of stimulation by cell swelling. Journal of Membrane Biology. 117:177-188.

Berkowitz, L. R., and E. P. Orringer. 1987. Cell volume regulation in hemoglobin CC and AA
erythrocytes. American Journal of Physiology. 252:C300~-C306.

Breitwieser, G. E., A. A. Altamirano, and J. M. Russell. 1990. Osmotic stimulation of Na*-K*-Cl~
cotransport in squid giant axon is [Cl7); dependent. American Journal of Physiology. 258:C749-C753.

Brugnara, C., H. F. Bunn, and D. C. Tosteson. 1986. Regulation of erythrocyte cation and water
content in sickle cell anemia. Science. 232:388-390.

Brugnara, C., A. K. Kopin, H. F. Bunn, and D. C. Tosteson. 1985. Regulation of cation content and
cell volume in erythrocytes from patients with homozygous hemoglobin C disease. Journal of
Clinical Investigation. 75:1608-1617.

Brugnara, C., and D. C. Tosteson. 1987. Cell volume, K transport, and cell density in human
erythrocytes. American Journal of Physiology. 252:C269-C276.

Brugnara, C., T. Van Ha, and D. C. Tosteson. 1988. Properties of K transport in resealed human
erythrocyte ghosts. American Journal of Physiology. 255:C346-C356.

Brugnara, C., T. Van Ha, and D. C. Tosteson. 1989. Role of chloride in potassium transport through
a K-Cl cotransport system in human red cells. American Journal of Physiology. 256:C994-C1003.
Cahalan, M. D, and R. S. Lewis. 1988. Role of potassium and chloride channels in volume regulation
by T lymphocytes. In Cell Physiology of Blood. R. B. Gunn and J. C. Parker, editors. The

Rockefeller University Press, New York. 281-301.



DUNHAM ET AL.  Swelling Activation of K-Cl Cotransport 763

Canessa, M., M. E. Fabry, N. Blumenfeld, and R. L. Nagel. 1987. Volume-stimulated, Cl--dependent
K* efflux is highly expressed in young human red ceils containing normal hemoglobin or HbS.
Journal of Membrane Biology. 97:97-105.

Colclasure, G. C., and J. C. Parker. 1992. Cytosolic protein concentration is the primary volume
signal for swelling-induced [K-Clj cotransport in dog red cells. journal of General Physiology.
100:1-10.

Corcia, C., and W. M. Armstrong. 1983. KClI cotransport: a mechanism for basolateral chloride exit in
Necturus gallbladder. Journal of Membrane Biology. 76:173-182.

Delpire, E., and P. K. Lauf. 1991. Magnesium and ATP dependence of K-ClI co-transport in low K*
sheep red blood cells. fournal of Physiology. 441:219-231.

Duhm, J. 1987. Furosemide-sensitive K* (Rb*) transport in human erythrocytes: modes of operation,
dependence of extracellular and intracellular Na*, kinetics, pH dependency and the effect of cell
volume and N-ethylmaleimide. journal of Membrane Biology. 98:15-32.

Dunham, P. B. 1990. K,Cl cotransport in mammalian erythrocytes. In Regulation of Potassium
Transport across Biological Membranes. L. Reuss, J. M. Russell, and G. Szabo, editors. University
of Texas Press, Austin. 331-360.

Dunham, P. B. 1992. Ion transport in sheep red blood cells. Comparative Biochemistry and Physiology.
102A:625-630.

Dunham, P. B,, and J. C. Ellory. 1981. Passive potassium transport in low potassium sheep red cells:
dependence upon cell volume and chloride. Journal of Physiology. 318:511-530.

Dunham, P. B, and J. F. Hoffman. 1971. Active cation transport and ouabain binding in high
potassium and low potassium red blood cells of sheep. Journal of General Physiology. 58:94-116.
Dunham, P. B, and P. J. Logue. 1986. Potassium-chloride cotransport in resealed human red cell

ghosts. American Journal of Physiology. 250:C578—~C583.

Ellory, J. C., and P. B. Dunham. 1980. Volume-dependent passive potassium transport in LK sheep
red cells. In Membrane Transport in Erythrocytes. Alfred Benzon Symposium 14. U. V. Lassen,
H. H. Ussing, and J. O. Wieth, editors. Munksgaard, Copenhagen. 409—427.

Flatman, P. W. 1982. Methods to control and determine red cell Mg and Ca levels. /n Red Cell
Membranes: A Methodological Approach. J. C. Ellory and J. D. Young, editors. Academic Press,
London. 187-198.

Flatman, P. W. 1987. Na,K,Cl cotransport in ferret red cells: effects of Ca and Mg. Federation
Proceedings. 46:2385-2388.

Freedman, J. C., and J. F. Hoffman. 1979. Ionic and osmotic equilibrium of human red blood cells
treated with nystatin. Journal of General Physiology. 74:157~185.

Garay, R. P, C. Nazaret, P. A. Hannaert, and E. J. Cragoe, Jr. 1988. Demonstration of a
[K*,Cl~]-cotransport system in human red cells by its sensitivity to [(dihydroindenyl) oxy] alkanoic
acids: regulation of cell swelling and distinction from the bumetanide-sensitive [Na*,K*Cl-]-
cotransport system. Molecular Pharmacology. 33:696-701.

Greger, R., and E. Schlatter. 1983. Properties of the basolateral membrane of the cortical thick
ascending limb of Henle's loop of rabbit kidney. A model for secondary active chloride transport.
Pfliigers Archiv. 396:325-334.

Guggino, W. B. 1986. Functional heterogeneity in the early distal tubule of the Amphiuma kidney:
evidence for two modes of Cl~ and K* transport across the basolateral cell membrane. American
Journal of Physiology. 250:F430-F440.

Hall, A. C,, and ]J. C. Ellory. 1986. Evidence for the presence of volume-sensitive KCI transport in
young human red cells. Biochimica et Biophysica Acta. 858:317-320.

Hoffmann, E. K., and L. O. Simonsen. 1989. Membrane mechanisms in volume and pH regulation in
vertebrate cells. Physiological Reviews. 69:315-382.



764 THE JOURNAL OF GENERAL PHYSIOLOGY * VOLUME 101 - 1993

Jennings, M. L., and N. Al-Rohil. 1990. Kinetics of activation and inactivation of swelling-stimulated
K*/Cl~ transport. Volume-sensitive parameter is the rate constant for inactivation. Journal of
General Physiology. 95:1021-1040.

Jennings, M. L., and R. K. Schulz. 1990. Swelling-activated KCI cotransport in rabbit red cells: flux is
determined mainly by cell volume rather than cell shape. American Journal of Physiology. 259:C960—
C967.

Jennings, M. L., and R. K. Schulz. 1991. Okadaic acid inhibition of KCl ecotransport. Evidence that
protein dephosphorylation is necessary for activation of transport by either cell swelling or
N-ethylmaleimide. Journal of General Physiology. 97:799-818.

Kaji, D. 1986. Volume-sensitive K transport in human erythrocytes. Journal of General Physiology.
88:719-738.

Kaji, D. 1993. Effect of membrane potential on K:Cl cotransport in human erythrocytes. American
Journal of Physiology. 264:C376-C382.

Kaji, D. M., and Y. Tsukitani. 1991. Role of protein phosphatase in activation of KClI cotransport in
human erythrocytes. American Journal of Physiology. 260:C176—C180.

Kim, H. D, S. Sergeant, L. R. Forte, D. H. Sohn, and J. H. Im. 1989. Activation of Cl-dependent K
flux by cAMP in pig red cells. American Journal of Physiology. 256:C772—-C778.

Kracke, G. R., and P. B. Dunham. 1990. Volume-sensitive K-Cl cotransport in inside-out vesicles
made from erythrocyte membranes from sheep of low-K phenotype. Proceedings of the National
Academy of Sciences, USA. 87:8575-8579.

Kregenow, F. M. 1971. The response of duck erythrocytes to nonhemolytic hypotonic media:
Evidence of a volume controlling mechanism. Journal of General Physiology. 58:372-395.

Kregenow, F. M. 1981. Osmoregulatory salt transporting mechanisms: control of cell volume in
anisotonic media. Annual Review of Physiology. 43:493-505.

Larson, M., and K. R. Spring. 1984. Volume regulation by Necturus gallbladder. Basolateral KCI exit.
Journal of Membrane Biology. 81:219-232.

Lauf, P. K. 1982. Evidence for a chloride-dependent potassium and water transport in erythrocytes of
the marine teleost Opsanus tau. Journal of Comparative Physiology. 146:9-16.

Lauf, P. K. 1983. Thiol-dependent passive K/Cl transport in sheep red cells. I. Dependence on Cl~
and external K* (Rb*) ions. Journal of Membrane Biology. 73:237-246.

Lauf, P. K. 1985. Passive K*-Cl~ fluxes in low-K* sheep erythrocytes: modulation by A23187 and
bivalent cations. American Journal of Physiology. 249:C271-C278.

Lauf, P. K. 1988. Thiol-dependent K:Cl transport in sheep red cells: VIIL Activation through
metabolically and chemically reversible oxidation by diamide. journal of Membrane Biology. 101:
179-188.

Lauf, P. K., and J. Bauer. 1987. Direct evidence for chloride dependent volume reduction in
macrocytic sheep reticulocytes. Biochemical and Biophysical Research Communications. 144:849-855.
Lauf, P. K., J. Bauer, N. C. Adragna, H. Fujise, A. M. M. Zade-Oppen, K. H. Ryu, and E. Delpire.
1992. Erythrocyte K-Cl cotransport: properties and regulation. American Journal of Physiology.

263:C917-C932.

Lohr, J. W., and J. J. Grantham. 1986. Isovolumetric regulation of isolated S, proximal tubules in
anisotonic media. Journal of Clinical Investigation. 78:1165-1172.

Marquardt, D. W. 1963. An algorithm for least-squares estimation of nonlinear parameters. Journal of
the Society for Industrial and Applied Mathematics. 11:431-441.

Mills, J. W. 1987. The cell cytoskeleton: Possible role in volume control. Current Topics in Membranes
and Transport. 30:75-101.

Moronne, M. M., R. J. Melhorn, M. P. Miller, L. C. Ackerson, and R. I. Macey. 1990. ESR
measurement of time dependent and equilibrium volumes in red cells. Journal of Membrane Biology.
115:31-40.



DUNHAM ET AL.  Swelling Activation of K-Cl Cotransport 765

Motulsky, H. J., and L. A. Ransnas. 1987. Fitting curves to data using nonlinear regression: a
practical and nonmathematical review. FASEB Journal. 1:365-374.

Olivieri, O., D. Vitoux, F. Galacteros, D. Bachir, Y. Bloquit, Y. Beuzard, and C. Brugnara. 1992.
Hemoglobin variants and activity of the (K*Cl~) cotransport system in human erythrocytes. Blood.
79:793-797.

O'Neill, W. C. 1989a. Cl-dependent K transport in a pure population of volume regulating human
erythrocytes. American Journal of Physiology. 256:C858-C864.

O'Neill, W. C. 1989). Volume-sensitive, Cl-dependent K transport in resealed human erythrocyte
ghosts. American Journal of Physiology. 256:C81-C88.

Parker, J. C., G. C. Colclasure, and T. J. McManus. 1991. Coordinated regulation of shrinkage-
induced Na/H exchange and swelling-induced [K-Cl] cotransport in dog red cells. Further
evidence from activation kinetics and phosphatase inhibition. Journal of General Physiology.
98:869-880.

Parker, J. C., and P. B. Dunham. 1989. Passive cation movements. /n Red Blood Cell Membranes:
Structure, Function, and Clinical Applications. P. Agre and J. C. Parker, editors. Marcel Dekker,
New York. 507-561.

Parker, J. C., T. J. McManus, L. C. Starke, and H. J. Gitelman. 1990. Coordinated regulation of
Na/H exchange and [K-Cl] cotransport in dog red cells. Journal of General Physiology. 96:1141-
1152.

Reuss, L. 1983. Basolateral KCl cotransport in a NaCl-absorbing epithelium. Nature. 305:723-726.

Sachs, J. R. 1988. Volume-sensitive K influx in human red cell ghosts. Journal of General Physiology.
92:685-711.

Sachs, J. R, J. C. Ellory, D. L. Kropp, P. B. Dunham, and J. F. Hoffman. 1974. Antibody-induced
alterations in the kinetic characteristics of the Na:K pump in goat red blood cells. Journal of General
Physiology. 63:389-414.

Sasaki, S., K. Ishibashi, N. Yoshiyama, and T. Shiigai. 1988. KCl co-transport across the basolateral
membrane of rabbit renal proximal straight tubules. Journal of Clinical Investigation. 81:194-199.
Siebens, A. W, and F. M. Kregenow. 1985. Volume-regulatory responses of Amphiuma red cells in

anisotonic media. The effect of amiloride. Journal of General Physiology. 86:527-564.

Starke, L. C., and M. L. Jennings. 1993. K-Cl cotransport in rabbit red cells: further evidence for
regulation by protein phosphatase type 1. American Journal of Physiology. 264:C118—-C124.

Stein, W. D. 1986. Transport and Diffusion across Cell Membranes. Academic Press, Orlando, FL.

Thornhill, W. B., and P. C. Laris. 1984. KCl loss and cell shrinkage in the Ehrlich ascites tumor cell
induced by hypotonic media, 2-deoxyglucose and propanolol. Biochimica et Biophysica Acta.
773:207-218.

Watson, P. A. 1991. Function follows form: generation of intracellular signals by cell deformation.
FASEB Journal. 5:2013-2019.

Wiater, L. A., and P. B. Dunham. 1983. Passive transport of K* and Na* in human red blood cells:
sulfhydryl binding agents and furosemide. American Journal of Physiology. 245:C348—C356.

Zade-Oppen, A. M. M., and P. K. Lauf. 1990. Thiol-dependent passive K:Cl transport in sheep red
blood cells:IX. Modulation by pH in the presence and absence of DIDS and the effect of NEM.

Journal of Membrane Biology. 118:143-151.

Zeuthen, T. 1991. Secondary active transport of water across ventricular cell membrane of choroid

plexus epithelium of Necturus maculosus. Journal of Physiology. 444:153-173.



