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Summary. The mechanism of Ca’*-dependent control of hypo-
tonic cell volume regulation was investigated in the isolated,
nonperfused renal proximal straight tubule. When proximal tu-
bules were exposed to hypotonic solution with 1 mm Ca’*, cells
swelled rapidly and then underwent regulatory volume decrease
(RVD). This treatment resulted in an increase in intracellular free
calcium concentration ([Ca’*];) by a mechanism that had two
phases: the first was a transient increase from baseline (136 nM)
to a peak (413 nMm) that occurred in the first 15-20 sec, but was
followed by a rapid decay toward the pre-swelling levels. The
second phase was characterized by a sustained elevation of
[Ca’*]; above the baseline (269 nM), which was maintained over
several minutes. The dependence of these two phases on extracel-
lular Ca’* was determined. Reduction of bath [Ca2*] to 10 or |
uM partially diminished the transient phase, but abolished the
sustained phase completely, such that [Ca’* ], fell below the base-
line levels during RVD. It was concluded that the transient in-
crease resulted predominantly from swelling-activated release of
intracellular Ca?* stores and that the sustained phase was due to
swelling-activated Ca’* entry across the plasma membrane. Ca**
entry probably also contributed to the transient increase in
[Ca’*];. The time dependence of swelling-activated Ca?~ entry
was also investigated, since it was previously shown that RVD
was characterized by a ‘‘calcium window” period (<60 sec),
during which extracellular Ca’* was required. Outside of this
time period, RVD would inactivate and could not be reactivated
by subsequent addition of Ca?*. It was found that the Ca** perme-
ability did not inactivate over several minutes, indicating that the
temporal dependence of RVD on extracellular Ca2* is not due to
the transient activation of a Ca’* entry pathway.

Key Words cell swelling - regulatory volume decrease - vol-
ume regulation - intracellular calcium - calcium release - calcium
entry - fura-2 - renal proximal tubule

Introduction

Most mammalian cells are capable of at least partial
regulation of cell volume under hypotonic condi-
tions. The process by which swollen cells extrude

* Present address: Division of Biology, Mail Code 156-29,
California Institute of Technology, Pasadena, California 91125.

ions to allow the removal of the excess water,
thereby allowing a return toward normal volume, is
referred to as regulatory volume decrease (RVD).
In most cases, RVD is achieved by the activation of
separate conductances for K* and Cl~ [9, 19]. As
KCI leaves the cell, water follows by osmosis,
allowing the cell to shrink toward the pre-swelling
volume.

The control of these conductances during RVD
has been the subject of many studies in recent
years. Calcium serves a dominant role as modula-
tor in most tissues studied, including epithelia,
Ehrlich ascites tumor cells, and erythrocytes (for
recent reviews see [5, 9, 17, 19]). However, it is
not clear what the relative contributions are of
Ca’" entering across the plasma membrane and
Ca’* released from intracellular stores. Previous
studies from this laboratory [25] have shown that
RVD in the rabbit renal proximal straight tubule is
strongly dependent upon the extracellular calcium
concentration ([Ca?*],), that RVD is inhibited by
calcium channel blockers, and that cell swelling is
associated with an increase in intracellular free
calcium concentration ([Ca?*],). Furthermore,
McCarty and O’Neil [25] demonstrated that the
action of Ca’>* on RVD is highly regulated with
respect to time, and that intracellular [Ca?*] under-
goes spontaneous fluctuations even before
swelling.

The present study had three main objectives:
(i) to characterize more fully the roles of swelling-
induced Ca’* entry and swelling-induced Ca?* re-
lease on RVD; (ii) to determine if the dependence
of RVD upon [Ca’*], reflects variable control of
[Ca’*],; and (iii) to determine the time dependence
of the activation of the swelling-induced Ca?* entry
pathways. In the accompanying paper [24], we char-
acterize the pathways by which Ca’* enters during
swelling. Portions of these data have been presented
in abstract form [26].
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Materials and Methods

T1SSUE PREPARATION

The isolated, nonperfused straight portion (S, segment) of the
rabbit kidney proximal tubule was used for these studies [25].
Since the tubule lumen is collapsed in nonperfused tubules, this
preparation allows the isolation of the transport pathways in the
basolateral membrane, which is where the dominant volume-
activated conductances are located in this tissue [37], without
interference from transport pathways in the luminal (apical) mem-
brane. This preparation atso affords considerable improvement
in the ability to measure cell volumes, since, as described before
[25], the lumen remains collapsed and the tissue assumes the
equivalent geometry of a cylinder.

The protocols for tubule isolation were detailed previously
[25]. Briefly, female New Zealand white rabbits were placed
under dual anesthesia, a laparotomy was performed, and the
viscera were cooled with chilled saline. The left kidney was ex-
cised and sagittal slices (~1-2 mm thick) were made and placed
in dissection medium (see Solutions) at 17°C. Individual proximal
tubules (S, portion) were removed from strips of cortical tissue,
and were trimmed to ~0.5 mm length. Tubule segments were
transferred in dissection medium to a chamber on the stage of a
Nikon Diaphot microscope, and the ends were crimped into glass
pipettes. Tubules were then lowered onto a spot in the center of
the chamber, which had been pretreated with either poly-L-lysine
(3 mg/ml) or Cell-Tak (0.5 mg/ml), in order to minimize tubule
movements during fluorescence excitation cycles.

SOLUTIONS

Nonbicarbonate-containing solutions were used in this study (see
Table 1), since previous work indicated that RVD in the rabbit
PST is bicarbonate-independent [37]. All solutions used were
bubbled with 100% O, or room air', and adjusted to pH 7.4.
Osmolalities averaged 293.0 = 4.3 (sp) and 157.5 = 5.8 mOsmolal
for the isotonic and hypotonic solutions, respectively, as deter-
mined by vapor pressure osmometry. The dissection solutions
were made hypertonic by the addition of 50 mm mannitol [25].
Hypertonic solutions were used during the initial dissection of
tubules from kidney slices to reduce the cell swelling which may
be a consequence of hypoxic conditions. Solutions of approxi-
mately 1 or 10 um [Cal*] were prepared by isohydric mixture of
Ca-EGTA and K,-EGTA, in proportions calculated based upon
association constants, with corrections for the effects of tempera-
ture and ionic strength (see legend to Table 1 and [25]).

Unless stated otherwise, all reagents were obtained from
Sigma Chemical (St. Louis, MO). Fura-2-acetoxymethylester
(fura-2/AM) and ionomycin were obtained from Calbiochem (La
Jolla, CA). FCCP was from Aldrich (Milwaukee, WI). Fura-

! In some cases, solutions were bubbled with room air, in
order to avoid complete depletion of CO,, since proximal tubule
cell metabolism is enhanced in the presence of CO, (L.J. Mandel,
personal communication). This did not affect the measured levels
of intraceilular calcium or ability to undergo cell volume regula-
tion. For instance, baseline [Ca?*]; was 138 = 17 nM (z = 13) in
the presence of 100% O, and 134 + 14 nM (r = 11) in presence
of room air.

2 pentapotassium salt and Pluronic F-127 (product of BASF-
Wyandotte) were from Molecular Probes (Eugene, OR). Tissue
culture supplements were obtained from Gibco Laboratories
(Grand Island, NY). Cell-Tak was from Collaborative Research
(Bedford, MA).

INTRACELLULAR CALCIUM MEASUREMENT

Measurements of [Ca "], were made using the fluorescent calcium
chelator fura-2 and a dual-wavelength microspectrofluorimetry
work station, as described previously [25]. The system was built
by the authors around a Nikon Diaphot inverted microscope with
quartz optics. Fura-2 fluorescence was determined by alternating
excitation at 340 and 380 nm with a filter wheel and recording the
emission at 510 nm. Tubule images were made by adding a red
filter to the brightfield light path of the microscope. Fluorescence
emission and tubule image were separated by a dichroic mirror,
where the green fura-2 emission irradiated a photomultiplier tube
and the red brightfield image was reflected to a video camera, in
a manner similar to that used by Foskett [12]. Thus, this system
allows measurements of cell volume and [Ca’*]; to be made for
the same cells simultaneously (in the case of the nonperfused
PST, this corresponds to 20-25 cells), at a best-speed of one
fluorescence ratio per 2.03 sec. The work station was controlled
by a Hewlett Packard computer, using software written by one
of the authors (N.A.M.).

DvYE LoADING

Tubules were loaded with the dye by incubation with the mem-
brane-permeant form, fura-2/AM, as described previously [25]
with minor modifications. After measurement of autofluorescence
(background), tubules were bathed with incubation solution [Dis-
section/incubation solution] (Table 1) containing a dye emulsion
at room temperature. The dye was prepared in a test tube by 10
sec sonication of 4 wl of fura-2/AM (in DMSO) with 2 ul of
Pluronic F-127 {(10% wt/wt in DMSO). Five hundred microliters
of incubation solution were then added, and the mixture was
sonicated for 30 sec. The mixture was diluted to 2.0 ml with
incubation buffer (final fura-2/AM concentration 15 uM), and this
volume was flushed through the microscope chamber containing
the tubule by use of a plastic syringe. Incubation proceeded for
9-10 min with occasional mixture of the chamber volume by
repeatedly withdrawing 0.1 ml of the chamber volume into the
syringe and then rapidly pushing this volume back into the cham-
ber. This ‘‘refluxing’” appeared to overcome the unstirred layer
effect imposed upon the tubule by its placement at the bottom of
the chamber. The process was repeated for another two dye
incubations for a total of ~30 min. Fluorescence measurements
during the loading procedure indicated that the dye was converted
easily to its Ca’*-sensitive form, since the fluorescence ratio
typically reached a plateau after 10 min of incubation. Further
loading increased the total signal strength without changing the
ratio significantly. Following dye loading, tubules were brought
to 30°C over 10 min and then equilibrated 15 min in the isotonic
control solution at 37°C. This modified loading procedure led to
a greater signal-to-noise ratio than the previous protocol [25]
and avoided extensive dye leakage and sequestration during the
loading period.
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Table 1. Composition of solutions

Control Hypotonic Dissection/incubation Fura-2/Cat*
Isotonic manipulation
NaCl 145 70 145 0
KCl 5 S 5 5
CaCl, ] 2 0% 0
MgCl, 1 I 2 1
Na,PIPES 0 0 0 5
NaH,HPO, 15 1.5 2.5 0.5
Choline-Cl 0 (] 0 140
Mannitol 0 0 50 0—12°
ATP and adenosine 0 0 1 0
Bovine serum albumin (%) 0.1 0.1 0.1 0
Organic substrates® + + + —

Values in mmoles/liter unless otherwise noted.

® The 10 um [Ca’*], solution contained 19 M total Ca and 10 uum total EGTA, pH 7.4, and the | “UM
[Ca%*], solution and dissection/incubation solution contained 460 uM total Ca and 500 uM total EGTA,

pH 7.4.

® The concentration of mannitol in the manipulation solutions (with Ca, EGTA, Mn or no additions,

see text) was adjusted to maintain isosmolality.

¢ Solutions indicated (+) also contained 5 mm glucose, 5 mM Na-acetate, 2.5 mM L-alanine, and 1 mm
Na-butyrate. Tissue culture supplements were added at 10% of the concentration used in tissue culture:
MEM amino acids with glutamine, MEM nonessential amino acids, and sodium pyruvate solution

(Gibco Laboratories, Grand Island, NY).

IN vivo CALIBRATION

After most of the experiments, the responsiveness of the intracel-
lular dye to Ca’* was determined by the same procedure as
described previously [25]. Briefly, the critical end-points of the
dye fluorescence ratio were determined by exposing the tissue to
a low Na* manipulation solution (Table 1) with ionomycin (1-10
pM) and either EGTA (10 mM), to measure the minimum fluores-
cence ratio (R;,), or saturating concentrations of Ca?* (5 mmM),
to measure the maximum fluorescence ratio (R,,,). FCCP (1-10
M) was also added to disrupt ATP-dependent Cal* extrusion
during measurement of R,,. The experiment was ended by expo-
sure to manipulation solution with 1 mm MnCl;, to quench all
deesterified cytoplasmic fura-2. The unquenched fluorescence
is a measure of Ca’*-independent dye fluorescence, which, in
this tissue, is usually not significantly greater than the auto-
fluorescence and, hence, could be used as a background mea-
surement,

Fura-2 fluorescence ratios were converted to intracellular
free calcium concentrations by the method of Grynkiewicz et al.
[16], using the following formula:

[Caz+] = B ) Kd[(R - Rmin)/(Rmax - R)] (1)

where R is the ratio at any time and 8 is the ratio of the fluores-
cence emission intensity in Ca’*-depleting and Ca®*-saturating
conditions with excitation at 380 nm. K, is the Ca’*-dissociation
constant of the dye and was determined previously (using the
same system and under the same conditions) to be 218 nm [25].
The in vitro calibration procedure was not performed on tubules
that exhibited rapid leakage of the dye. While fura-2 is a *‘ratio”
type of probe, leakage of the dye over the 5 min required to go

from Ca’*-depleting to Ca®” -saturating conditions would result in
an inappropriate value for 8. Therefore, the calibration procedure
was performed only on tubules that did not exhibit significant dye
leakage over this time period. Average values (+ sp) for the
constants used in Eq. (1) are as follows: R,,, = 1.901 =+ 0.060,
Ryn = 0.235 = 0.011, 8 = 16.0 = 1.5 {n = 19). This value of
# is similar to the § value found in the in vitro calibration (8 =
15.6 = 1.2) described previously [25], indicating that the intracel-
lular dye behaves as if it were localized in an aqueous solution.

CELL VOLUME MEASUREMENTS

Images of nonperfused tubules were recorded on videotape for
later measurements of cell volume. Since the lumen of the nonper-
fused PST remains collapsed, cell volumes could be easily calcu-
lated by measuring the cross-sectiona! diameter of the tubule.
This was done at three randomly chosen points along the ~45 Am
of tubule length in the field of view of the microscope, as displayed
on a video monitor. Volumes at any time (V) were calculated
relative to the original baseline volume in isotonic solution imme-
diately before swelling (V,) as follows:

(VIV) = (@ AL)(w L) 2)

where r, and r, are the tubule radii in isotonic medium and at time
t, respectively, and L is an arbitrary length of tubule. Since the
cell volume changes are manifest predominantly by a change in
the apical-to-basolateral dimension without a change in length
[21], Eq. (2) was simplified by ignoring the length terms. The
extent of volume regulation after swelling is presented as
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Fig. 1. Response of an isolated proximal tubule to hypotonicity
in the presence of normal [Ca®*], in a typical experiment. At time
zero, the superfusate (bath perfusion solution) was switched from
isotonic (Iso) to hypotonic with 1 mm [Ca?*], (Hypo), followed
by return to isotonic solution (Iso) at 180 sec. (A) Intracellular
free calcium concentration ([Ca?*],) was determined from back-
ground-corrected fluorescence of fura-2 using a dual-wavelength
microspectrofluorimeter. Individual points are not shown, but
were generated every 2-3 sec throughout the duration of the
experiment. When exposed to hypotonic solution, [Cal*}; rose
rapidly to a peak and then fell to an elevated plateau. Upon
return to isotonic solution, [Ca’*], returned slowly to the original
baseline. (B) Simultaneous measurement of cell volume during
the same time period as in A. Cell volume is expressed as the
relative volume (V/V,). When exposed to hypotonic solution,
cells swelled to a peak volume and then underwent RVD. Upon
return to isotonic solution, cell volume dipped below the isotonic
volume, due to loss of osmolytes during RVD

% RVD = {(Vyesk — Ve (Vpeax — Vo)t - 100 3)

where Vi, and V. are the peak and regulated (platean) relative
volumes, respectively, and V, = 1 by definition. Therefore, %
RVD signifies the magnitude of the return from the peak swollen
volume V., back toward the isotonic volume V,, such that 0%
RVD indicates no volume regulation and 100% RVD indicates a
complete return to isotonic volume, in the continued presence of
hypotonic solution. The coefficient of variation for the volume
measurement was determined to be 0.4%, by repeated measure-
ments of the volume of a swollen tubule.

Table 2. Summary of baseline intraceilular calcium concentra-

tion®

n Average [Ca’*], Range [Ca’*];
" (nM) (nm)

67 146 = 4 81-243

2 Data given represent the baseline intracellular free calcium con-
centration under isotonic conditions, calculated as the average of
the last 30 sec of measurements before experimental treatment.

STATISTICS

All values are reported as mean * SEM, unless otherwise indi-
cated, where n is the number of tubules. Significance was deter-
mined with the 7 test (paired or unpaired, as indicated), with P =
0.05 considered indicative of significance.

Results

RESPONSE OF CELL VOLUME AND [Ca®"],
TO SWELLING

An example of the control response to swelling is
given in Fig. 1. Upon exposure to hypotonic solution
containing 1 mm Ca?*, proximal straight tubules
(PSTs) were observed to swell to a peak volume,
always within the first 45 sec. Peak relative volume
in control swelling experiments averaged 1.392 +
0.015 (n = 24), signifying a 39.2% increase in cell
volume over the isotonic volume. Over the course
of the next three minutes, cells underwent RVD to
return the cell volume to a new quasi-plateau volume
(Vyee) of 1.272 = 0.015. This represents an average
% RVD of 31.0 = 2.7. It is expected that cells would
continue to undergo RVD for several minutes in
the continued presence of hypotonic solutions, as
shown by other investigators [8, 23, 36]. The finding
of decreased RVD in these experiments relative to
previous data is likely due to the shortened duration
of experiments in the present study. Experiments in
this study were limited to 3-min duration in order to
reduce the effects of dye leakage.

Concomitant measurements of fura-2 fluores-
cence were performed in order to determine the rela-
tionship between the effects of swelling on cell vol-
ume and on [Ca?"];,. These data indicated that
[Ca’*], rose from a baseline of 136 = 4 nM to 413 =
15 nM during the initial swelling phase, and then
relaxed to a plateau level that averaged 269 = 9 nM
(n = 24) (see Tables 2 and 3). This elevated plateau
was maintained for the duration of the exposure to
the hypotonic solution. Thus, the [Ca?*], response
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Table 3. Summary table of the dependence of RVD and [Ca’™],
on [Ca**] 2

Treatment Baseline Peak® Plateau® % «n
[Cal*], A[Ca**], AlCa’*], RVD

Hypo, 1 mm Ca’~ 136 276 132 31.0 24
+4 +15 +10 +2.7

Hypo, 10 uMm Cal* 136 130° —85° 8.0¢ 3
=12 +18 +7 +2.7

Hypo, | um Cal* 140 71¢ — 64 52 9
+8 +13 +9 +2.0

* Values are mean * SEM.

® Peak A[Ca’*],and plateau A[Ca’"];(nM) are given as the change
with respect to baseline values measured immediately before
swelling, in the presence of I mMm Ca’*. Peak values are the
highest value recorded while plateau values are from the average
measurements during the last 20 sec of a 3-min treatment, and
thus include variations around the mean due to fluctuations. For
all treatments, the isotonic medium before swelling always con-
tained 1 mMm Cal®.

¢ P = 0.05 compared to controls with 1 mm Ca?".

to swelling appears to consist of two phases: an
initial transient phase represented by an increase of
276 = 15 nM over baseline, followed by a sustained
phase where [Ca’"], was maintained at 132 = 10
nM above baseline. Upon returning to the isotonic
solution, [Ca®*]; returned to the baseline values
within 2-3 min.

DEPENDENCY UPON [Ca®"],

When tubules were swollen in hypotonic solutions
containing only 1 uM Ca** (Fig. 2) or 10 um Ca®*
(data not shown), RVD was diminished signifi-
cantly.” In the presence of low [Ca?*],, particularly
1 uM, Ca®" influx should be limited. Nonetheless,
the transient increase in [Ca’"];, while reduced in
magnitude, was still clearly distinguishable above
the spontaneous fluctuations, even in exposures to
1 uM Ca?* hypotonic solution. In contrast, the late
phase of the normal intracellular calcium response
was completely abolished in the presence of low

2 Our experience indicates that for PST cells, the most ap-
propriate condition to evaluate the Ca** dependence of RVD is
in the presence of low [Ca’*], (down to 1 uM), rather than zero
{Ca?*],. This is based on a variety of observations, including
the finding that zero Ca** solutions cause marked morphological
changes in PST cells. These changes were not observed if cells
were exposed to solutions containing either 1 or 10 um Ca?*,
Furthermore, due to the low conductance rates of Ca’* entry
pathways in mammalian cells, Ca*" influx at 1 um [Ca?*], would
be miniscule.
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Fig. 2. Simultaneous measurements of [Ca**]; (A) and cell vol-
ume (B) during exposure to hypotonic solution with 1 um Ca*.
Following a transient increase, [Ca**]; fell below the original
baseline. RVD was inhibited under these conditions

[Ca’*],, such that the plateau level in all cases was
below the baseline [Ca’*],. The data for these exper-
iments are summarized in Table 3.

It is important to note that the actual extent of
Ca?~ influx during exposure to hypotonic solutions
in the presence of 1 mm Ca’* (as reflected by the
sustained elevation of [Ca®*])), is related to the dif-
ference between the plateau [Ca’"]; in these experi-
ments and the plateau [Ca’"]; in the presence of
low external [Ca®"]. Since [Ca’*], consistently fell
below baseline in low Ca?* hypotonic solutions, the
magnitude of Ca’* influx in control treatments is
considerably greater than that shown by calculation
relative to the baseline pre-swelling [Ca?*],. In the
case of the low Ca’* experiments, it is probable that
the fall below baseline [Ca®*], is due to the same
mechanisms by which [Ca?"], is maintained low in
the isotonic state. Hence, the Ca?* extrusion action
of the plasma membrane Ca?*-ATPase combined
with Ca’* resequestration into intracellular stores
may be able to lower [Ca’*]; under conditions of
reduced Ca** influx. Also, the influx of wafer into
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Fig. 3. Temporal dependence of the Ca’* entry pathway during
a 60-sec calcium window experiment. Tubules were swollen in 10
uM [Ca?*], hypotonic solution for 60 sec before [Ca’*], was
returned to normal (I mm). (4) [Ca**],. (B) Cell volume. After
the transient peak, [Ca?"]; fell toward baseline. Returning to 1
mm [Ca?*], after 60 sec led to an increase in [Ca’*]; to a plateau
value that was not different from that observed in control swelling
experiments with 1 mm [Ca2],. In spite of the maintained Ca’*
entry pathway, RVD did not occur

the cytoplasm during hypotonic swelling would be
expected to dilute the cellular content of Ca®*.

TIME-DEPENDENCE OF THE [Ca?*]; RESPONSE

Previous experiments [23] indicated that the RVD
mechanism in PST requires extracellular calcium to be
present during the early part of the swelling response.
When tubules were initially swollen in low Ca?* hypo-
tonic solutions, returning to normal [Ca**],, after 1 min
did not lead to RVD. Since those experiments did
not include measurements of [Ca®"],, it has remained
unclear if this temporal dependence was due to inacti-
vation of the Ca?* entry pathway or due to another
form of desensitization. For this reason, those experi-
ments were repeated in the present study, with con-
comitant measurements of [Ca®"],.

As shown in Fig. 3, when PSTs were exposed to

10 uMm Ca®* hypotonic solution, cell volume initially
increased and then was held in the swollen state due
to lack of sufficient extracellular calcium (Fig. 3B).
Intracellular calcium rose during the initial phase
and then began to fall toward baseline (Fig. 3A).
When [Ca’"], was raised to 1 mM after 1 min, in
the continued presence of hypotonicity, [Ca®"],rose
again to a plateau level of 259 = 30 nm, well above
baseline. Since [Ca?"],; continued to be sensitive to
[Ca?*], after 1 min, this indicates that the Ca’* entry
pathway is still active at this time. In spite of this late
increase in [Ca®"1,, however, RVD did not occur. In
contrast, when the period of incubation in low Ca**
hypotonic solution was reduced to only 30 sec, re-
turn to normal [Ca’*], caused a transient dip in cell
volume and secondary swelling (as previously de-
scribed [25]), followed by normal RVD (Fig. 4). It is
presently not known why, under these conditions,
the cells underwent this transient dip in volume,
which was observed in each experiment. Nonethe-
less, the cell volume response was accompanied by
an increase in [Ca®"]; that was indistinguishable
from the response in the 1-min case, since the pla-
teau level was similar (292 + 32 nm). Thus, it appears
that the swelling-induced Ca’" entry pathway does
not inactivate in PST during continued exposure to
hypotonic conditions. These data are summarized in
Table 4.

EFrecTS OF loNoMYcIN + Ca?*t oN ISoTONIC
CELL VOLUME AND [Ca?*];

It has been shown in Ehrlich ascites tumor cells [20],
frog urinary bladder [7], and lymphocytes [15] that
treatment with a Ca?* ionophore in the presence of
external calcium results in considerable cell shrink-
age, even under isotonic conditions. The shrinkage
was attributed to the activation of Ca’>*-dependent
K™ and Cl~ conductances, which resulted in move-
ment of K™ and Cl- down their electrochemical
gradients, followed by water. This phenomenon was
investigated in the PST to determine if the ion con-
ductances that are operational in the steady state are
under similar control to those in Ehrlich cells, frog
urinary bladder, and lymphocytes. Upon treatment
with 2-5 pM ionomycin in isotonic solution con-
taining 1 mm Ca?*, [Ca?*], increased rapidly within
20 sec to a peak at 392 = 38 nM above baseline, and
then fell to a lower level (Fig. 34). In spite of such
a considerable rise in [Ca’"],, however, cell volume
was largely unaffected (Fig. 5B). In the case shown,
jonomycin treatment was followed by quenching of
the fura-2 signal with Mn2".
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Fig. 4. Temporal dependence of the Ca’* entry pathway during
a 30-sec calcium window experiment. Tubules were swollen in 10
uM [Ca’*], hypotonic solution for 30 sec before [Ca2*], was
returned to normal (1 mm). (4) [Ca’*],. (B) Cell volume. After
the transient peak, [Ca’*]; fell toward baseline. Returning to 1
mM [Ca?*], after 30 sec led to an increase in [Ca**]; to a plateau
value that was not different from that observed in control swelling
experiments with 1 mm [Ca®*],. The figure indicates the transient
dip in cell volume immediately after restoration of [Ca’*], to
normal values, followed by secondary swelling and normal RVD.
The anomalous transient dip was seen in each of three experi-
ments

Na™/Ca’" EXCHANGE

Many cells have a countertransporter in their plasma
membranes which serves to link the movement of
Na™ into the cell with the movement of Ca* out
from the cell [31]. Since solutions were made hypo-
tonic by the partial removal of NaCl (Table 1), it
was necessary to determine if a Na*/Ca’>* exchange
activity contributed to the observed changes in
[Ca?"],. Reducing extracellular [Na*] by 75 mMm
would be expected to have an effect on the kinetic
operation of this exchanger, since the driving force
for its activity is generated by the driving force for
passive Na* movements, either into or out of the
cell.

Table 4. Temporal dependence of RVD and [Ca®*];

Duration of 10 um Ca’* hypo 1 mm Ca’* hypo

10 um Ca**

hypo (sec) Peak Peak Plateau %
A[Ca*], A[Ca2"], A[Ca’*], RVD

60 202 200 94" 1.32

(n =3) +358 *39 *20 *1.3

30 214 227 51 27.9%

(n =3) *46 +59 *11 +5.6

Tubules were swollen in the 10 um Ca’* hypotonic solution for
the duration indicated (left column) before switching to the 1 mm
Ca*>" hypotonic solution. During the initial swell in low Ca?*,
[Ca’*]; reached the peak level indicated in the second column
(Peak A[Ca’"]). [Ca*]; then fell to 131 + 64 nMm in 30 sec or 88
* 53 nM in 60 sec. Subsequent exposure to 1 mm Ca’* elicited
the peak increases shown in the third column (Peak A[Ca’*]),
which fell to a plateau at the value shown in the fourth column
(Plateau A[Ca?*],). Values for [CaZ*]; are in nM, with A values
relative to the original baseline in isotonic conditions. Baseline
[Ca’*]; = 165 = 25 nm and 140 + 41 nMm for 60 and 30 sec
treatments. No RVD was exhibited during the exposures to 10
uM Ca’* in either case (average %RVD = 0 for 30 sec and 1.3
for 60 sec).

In the 30-sec experiments, switching to the I mm Ca?~ solu-
tion was followed by rapid shrinkage, reswelling, and subsequent
RVD (see Fig. 4B). During the transient shrinkage, cells [ost 38.9
*+ 12.4% of the swollen volume.

% p = 0.05 or not significant (**) compared to control swells in I
mm Ca’*,

Accordingly, the post-experiment intracellular
calibration was preceded in several tubules by first
switching to the manipulation solution containing 12
mM Na* and 1 mm Ca?*, representing more than
a 10-fold drop in [Na*] while maintaining [Ca’*],
constant. As shown in Fig. 6, this treatment did not
lead to a dramatic rise in [Ca®* 1, as seen in hypotonic
solutions. Rather, [Ca?"]; appeared to rise slowly
over the course of a few minutes. When [Ca?*] R
was further increased to S mm, the rate of change
of [Ca’*], increased. This response to reduction
in [Na*], therefore, showed a pattern distinctly
different from that seen during swelling. Further-
more, the Ca’" channel blockers verapamil and
nifedipine, which are not known to inhibit Na*/Ca2*
exchange at the concentrations used [34], essentially
abolish the swelling-induced Ca** entry. Therefore,
it is likely that Na*/Ca®" exchange does not con-
tribute significantly to the observed increase in
[Ca’*], under the conditions used in other experi-
ments in this study, although a partial contri-
bution of this exchanger to Ca?* entry during
swelling cannot be fully ruled out with the present
data.
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Fig. 5. Lack of an effect of ionomycin + Ca’* on cell volume in
the isotonic state. (4) [Ca?*],, and (B) cell volume. Note the
change of scale. At time zero, the superfusate was switched to
Iso with 2 um ionomycin (left arrow). Although [Ca’*]; rose
dramatically, cell volume was unaffected. This response was seen
in each of three experiments. When 1 mm MnCl, was included to
quench fura-2, thereby abolishing fura-2 fluorescence, cell vol-
ume displayed distinct fluctuations (second arrow)

Discussion

SWELLING-ACTIVATED Ca?t ENTRY
AND RELEASE

The data presented in this study indicate that hypo-
tonic cell volume regulation in renal proximal
straight tubules involves a change in intracellular
calcium. Similar results have been shown in toad
bladder cell primary cultures [38], proximal convo-
luted tubule (PCT) primary cuitures [33], and osteo-
sarcoma cells [39]. The pattern of the [Ca®*]; in-
crease seen in isolated tubules differs considerably
from the pattern in these other cells types. In osteo-
sarcoma cells, hypotonic shock caused [Ca?*]; to
increase from 142 to 498 nM over the course of about
30 sec. [Ca?*], then fell slowly toward control, but
did not plateau, at least not over the course of 2-3
min shown by the authors [39]. In toad bladder cells,

S $

250

2004

[Ca®]; (nM)

150

100

120 -60 0 60 120 180 240 300 360 420
Time (seconds)

Fig. 6. Lack of an abrupt affect of reduction of bathing medium
[Na*] on [Ca?~],. A contribution by Na*/Ca’* exchange to the
swelling-induced rise in [Ca’*]; was investigated by measuring
the effect of isotonic reduction of Na from 153 to 12 mM (NaCl
for choline-Cl replacement), in the presence of 1 mm Ca’* (left
arrow). An abrupt rise in [Ca?*], was not seen. Rather, [Ca?*];
rose slowly at a rate that was increased by augmenting [Ca’"], to
S mM (second arrow)

swelling caused [Ca®"]; to increase from 97 to 354
nM. After reaching the peak, [Ca’*],; fell to 163 nm
within 2 min, but then it continued to fall in the
representative experiment shown [38]. In PCT pri-
mary cultures [33], swelling did not cause a transient
increase in [Ca’*], Instead, [Ca?"]; slowly in-
creased from 96 to 468 nM over the course of 2--3
min, and then remained at roughly the same level.
In all three cases, the observed rise in [Ca’*]; was
dependent upon extracellular Ca?™.

In contrast, swelling-induced changes in [Ca®*];
in the PST cells in this study were characterized by
two distinct phases (Fig. 1A). The initial transient
increase in [Ca®"]; was of a similar magnitude to that
shown for toad bladder cells and osteosarcoma cells,
and was initiated concomitantly with the osmomet-
ric phase of the cell volume change (Fig. 18). How-
ever, the rate of decay from the transient peak ap-
pears to be greater in PST than in these other cells.
Following the peak and early decay in [Ca?*];, PST
cells indicate a sustained increase in [Ca?*]; above
baseline levels, at least for 3—7 min. The mainte-
nance by PST of an elevated [Ca’"]; for several
minutes in the continued presence of hypotonicity
is similar to that seen in PCT primary culture cells
[33] (although the PCT primary culture data should
be viewed with caution since [Ca’?*]; did not return
to baseline after > 17 min in isotonic wash). Further-
more, the plateau level of [Ca’*]; after swelling in
PST was somewhat more sensitive to changes in
extracellular Ca’* concentration than was the initial
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transient. Although we did not directly test an
involvement of Na*/Ca?* exchange, the observed
changes in [Ca’"]; in PST were not likely due to
activation of this transporter, since the time course
for Ca?* entry by Na'/Ca®’* exchange appears to
be too slow (Fig. 6). Also, data presented in the
accompanying paper [24] indicate that the rise in
[Ca?"],is inhibited by Ca’* channel blockers, which
would not likely inhibit Na*/Ca?* exchange at the
concentrations used [34]. However, further studies
will be needed to fully evaluate this issue.

It thus appears that there may be two mecha-
nisms leading to swelling-induced increases in
[Ca’*]; in PST: one that is solely dependent upon
Ca’* entry from the extracellular space, and onc
that is transient and likely predominantly reflects
release of Ca®* from intracellular stores, although a
contribution from Ca’" entry cannot be excluded. It
may be that PCT primary cuiture cells do not have
a mechanism leading to rapid swelling-induced Ca*~
release, but rather only a slowly activating Ca?~
entry mechanism. Osteosarcoma cells, on the other
hand, may only have a Ca’* entry mechanism that
activates rapidly and then inactivates. Toad bladder
cells may be similar to osteosarcoma cells without
any apparent Ca’" release, although Ca?* release
during swelling in low Ca?* hypotonic solutions in
toad bladder cells may have been masked by the
extensive pre-incubation in nearly Ca’*-free iso-
tonic solution (15 min at 200 nm [Ca?*] ). PST cells
appear to have both swelling-induced Ca’* release
and Ca’* entry mechanisms. It is likely that the
initial transient increase in [Ca’*]; is due to com-
bined contributions of release and entry, while the
sustained level of increased cell calcium is due to
sustained rates of Ca’* entry. Further evidence of
swelling-induced Ca** entry is given in the accompa-
nying paper [24].

The initial transient increase in [Ca?*], in PST
cells occurs concomitantly with the rapid phase of
cell swelling. The decay from the transient peak to
the plateau [Ca’*]; level is roughly associated with
the most rapid phase of RVD. However, a significant
degree of RVD occurs after the plateau [Ca?*],level
is reached, as shown in Fig. 1.

MECHANISM OF ACTIVATION oF Cal* ENTRY
AND Ca?™ RELEASE

Swelling-induced release of Ca?* from intracellular
stores in Ehrlich ascites tumor cells has been pro-
posed by Hoffmann and coworkers [20]. It is unclear
what might be the source of Ca?* in this case. These
experiments were based upon the action of the iono-
phore A23187, which has been shown to rapidly

uncouple mitochondrial respiration [27]. Mitochon-
drial uncoupling is associated with spontaneous re-
lease of Ca?* from Ehrlich cell mitochondria [11].
Thus, the mitochondria may have served as the
A23187-releasable store of Ca’* in the experiments
by Hoffmann. However, mitochondrial Ca?* stores
are usually considered a nonphysiological sink of
Ca?*, where Ca’* accumulation occurs in patho-
physiological states [4].

Intracellular storage sites for Ca>* are now typi-
cally considered to be the endoplasmic reticulum or
an associated organelle such as the calciosome [33].
How swelling can lead to release of Ca’* from these
sites is unknown. Three possibilities may be consid-
ered, however. First, various stimuli lead to Ca?*
release by the production of inositol polyphosphates,
via hydrolysis of membrane phosphatidylinositol lip-
ids [2, 3]. The breakdown species of greatest interest,
inositol 1,4,5-trisphosphate (IP;), has been shown to
cause release of Ca?* from a storage site that may be
the endoplasmic reticulum. It is possible that swelling
induces membrane phosphatidylinositol hydrolysis,
leading to production of IP; and subsequent release of
PST Ca** stores. Suzuki et al. [32] have shown that
the levels of inositol polyphosphates are tripled within
the first minute of hypotonic shock in cultured PCT
cells. Preliminary evidence for swelling-activated
phosphatidylinositol turnover has also been found in
PST exposed to hypotonic solutions (R.G. O’Neil,
unpublished observations).

Proximal tubule cells have been shown to be
responsive to stimulation by a variety of agents,
resulting in alteration of {Ca’*],. The response of
cultured proximal tubule cells to bradykinin [1] is
very similar to the response to swelling, in that bra-
dykinin induces a transient increase in [Ca’*], inde-
pendently of extracellular calcium. [Ca?*], then re-
laxes to an elevated plateau that is abolished in Ca2*-
free media, such that the plateau [Ca?*]; is below
the original baseline when stimulated in the absence
of external Ca®>*. Angiotensin II has a similar effect
on [Ca?*],, supposedly via a similar mechanism (1,
14]. Phenylephrine also causes rapid release of
stored Ca’* in cultured proximal tubule cells [13].
Bradykinin, angiotensin II, and phenylephrine all
stimulate Ca’* release through the inositol poly-
phosphates pathway, indicating that this biochemi-
cal mechanism is operative in proximal tubule cells.

An alternative mechanism for Ca?* release may
be the operation of voltage-dependent, IP;-insensi-
tive calcium channels in endoplasmic reticulum, as
described recently in rat exocrine pancreas [29]. The
channels open with hyperpolarization to positive
voltages (endoplasmic side relative to cytoplasm).
As cytoplasmic contents become diluted during
swelling, it is conceivable that the voltage across the
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endoplasmic reticulum membrane may change. In
this way, the voltage-sensitive Ca®>" release channel
could play a role in the swelling-induced Ca?* re-
lease in PST.

Finally, ion channels that are sensitive to stretch
may pass Ca’* (see below). It may be that the chan-
nels present in the membranes of intracellular organ-
elles, such as the endoplasmic reticulum [30], are
stretch activatable. Thus, dilution of the cytoplasm
during swelling could lead to swelling of the organ-
elles and distention of these intracellular mem-
branes, leading to Ca’* release.

A current favorite mechanism proposed for
swelling-activated Ca’* entry is the operation of
stretch-activated channels in the plasma membrane.
Membrane stretch may serve as the trigger for open-
ing of channels that are permeable to Ca?* {10, 40].
Stretch-activated cation channels, which may pass
calcium, are present in proximal tubule [28] and may
serve as the volume-sensitive Ca’* entry pathway.
Alternatively, the swelling-activated Ca®** entry
pathway may be a voltage-activated channel, similar
to the voltage-gated, DHP-sensitive Ca’* channels
of excitable tissues. It is known that the voltage
across the basolateral plasma membrane in PST ex-
posed to hypotonic solution undergoes a transient
hyperpolarization followed by a prolonged depolar-
ization [37]. This depolarization could serve to open
voltage-activated Ca?™ channels, leading to substan-
tial Ca?* influx [22]. While voltage-activated Ca**
channels have not been recorded in renal tubules,
their presence is suggested by indirect means [6].
Future studies will focus on the mechanism of acti-
vation of this entry pathway [24].

SUSTAINED ACTIVATION OF THE Ca?*
ENTRY PATHWAY

Previous experiments [25] indicated that RVD in the
proximal straight tubule requires extracellular Ca®*
to be present early in the response to swelling. This
phenomenon was originally termed the *‘calcium
window”’ effect, since it appeared that there was a
window in time after the initiation of swelling, during
which extracellular calcium was capable of activat-
ing RVD. Outside of this window, augmenting the
level of extracellular calcium did not restart RVD.
The experiments shown in Figs. 3 and 4 represent
an investigation into the question of whether this
temporal dependence is due to inactivation of the
Ca?* entry pathway. Swelling in 10 xm Ca’* hypo-
tonic solution caused an initial transient rise in
[Ca%*], followed by decay toward baseline levels
(or below). Subsequently returning [Ca®*], to 1 mm
after 30 or 60 sec led to a secondary increase in

[Ca’*],, up to a plateau level similar to that reached
in typical control experiments in 1 mMm Ca>" hypo-
tonic solution. This indicates that after 30 or 60 sec
from the initiation of swelling, the measured [Ca®*],
is a function of the driving force for Ca®* entry.
Furthermore, these data show that the Ca?* entry
pathway activates immediately during swelling and
does not inactivate in the continued presence of hy-
potonic medium.

In Ehrlich ascites tumor cells, evidence has
been presented that RVD occurs by the activation
of separate Ca’>*-dependent K~ and Cl~ permeabil-
ities [18]. In this tissue, cell shrinkage can be
induced under isotonic conditions and in the pres-
ence of quinine by the addition of ionophores
A23187 and gramicidin. A23187 raises [Ca®"], (pre-
sumedly) and gramicidin produces a cation trans-
port pathway that overcomes the inhibition of the
endogenous cation pathway by quinine. It was
found that as the delay between addition of A23187
and gramicidin was prolonged in Ca?*-free me-
dium, gramicidin caused less and less shrinkage
[18]. Hoffmann and coworkers attributed this effect
to the transient Ca?" activation of the CI~ perme-
ability, P, since the ionophore-induced increase
in [Ca’*], would not be sustained in Ca’*-free
medium. As the P inactivated with time, the
ability to undergo cell shrinkage also inactivated
[18]. It is clear that a similar mechanism does not
occur in PST. While the swelling-induced release
of Ca’* from intracellular stores is transient, the
Ca’* entry pathway is not. Therefore, inactivation
of another part of the volume-reguiatory mecha-
nism must be responsible for the calcium window
phenomenon. In contrast, Davis and Finn {7] found
that when frog urinary bladder cells were swollen
in Ca’*-free media, returning [Ca’*], to normal
after 5 min in hypotonic solution, but prior to the
peak swelling, led to RVD, although studies were
not performed to look for a calcium window of
longer duration.

In spite of the fact that intracellular calcium
in PST cells responded to a change in [Ca’*],
equally well after 30 and 60 sec, RVD was only
activated when Ca?* was returned after 30 sec
(compare Fig. 3B with Fig. 4B). With a return to
normal [Ca®*], after 30 sec, RVD proceeded to a
degree that was indistinguishable from that in con-
trol swelling experiments with 1 mM Ca?* (Table
4). When [Ca’*]_ was returned after 60 sec, RVD
was diminished to the same extent as observed in
swelling experiments with 10 um Ca?*. Thus, RVD
was inactivated and insensitive to the level of
[Ca?*]; after 60 sec.

Two conclusions can be drawn from these exper-
iments. First, it is apparent that some portion of the
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mechanism that usually links a rise in [Ca’*]; to cell
shrinkage undergoes inactivation within 60 sec of
swelling. Second, these data (and previous data [25})
also indicate that the activation of the RVD process
in proximal straight tubule cells involves more than
just calcium. This conclusion is supported by the lack
of significant cell shrinkage induced by ionomycin +
Ca’* under isotonic conditions when [Ca’*], alone
is elevated (Fig. 5). In this respect, Ca?* may serve
a modulatory function in controlling RVD, such that
the actions of Ca’" comprise only one part of a
multi-branched pathway that leads to activation of
the RVD process (see [24]).

The results in this study show that cell swelling
leads to an increase in intracellular free calcium
concentration by a dual mechanism involving both
Ca’" entry and Ca’* release from intracellular
stores. Transient Ca’* release occurs immediately
upon swelling but does not generate sufficient
cytosolic calcium ions to support sustained volume
regulation. However, the initial release of Ca’*
from intracellular stores may turn out to be im-
portant in the chain reaction leading to activation
of the K* and Cl~ conductances which underlie
regulatory volume decrease. Ca’® entry is also
activated early on during swelling, but does not
inactivate over several minutes. The sustained acti-
vation of the Ca®* entry pathway affords continued
generation of cytosolic Ca ions, which appears to
be responsible for sustained activation of the K*
and/or Cl~ conductances that lead to RVD. The
Ca?* entry pathway, therefore, is the basis for the
extracellular Ca®" dependence of RVD in this
tissue. In the accompanying paper [24], the Ca’*
entry pathway is characterized by its inhibition by
Ca’* channel blockers, and is related to the control
of steady-state [Ca’*]; as well as swelling-induced
changes in [Ca?*],.
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(DK 40545). The authors wish to express thanks to Jim Pastore
and Linda Eshelman for the illustrative work.

References

1. Aboolian, A., Nord, E.P. 1988. Bradykinin increases cyto-
solic free {Ca®"] in proximal tubular cells. Am. J. Physiol.
255:F486-F493

2. Berridge, M.J. 1987. Inositol trisphosphate and diacylglyc-
erol: two interacting second messengers. Annu. Rev. Bio-
chem. 56:159-193

3. Berridge, M.J., Irvine, R.F. 1984. Inositol trisphosphate, a
novel second messenger in cellular signal transduction. Na-
ture 312:315-320

4. Carafoli, E. 1987. Intracellular calcium homeostasis. Annu.
Rev. Biochem. 56:395-433

5. Chamberlin, M.E., Strange, K. 1989. Anisosmotic cell vol-
ume regulation: A comparative view. Am. J. Physiol.
257:C159-C173

6. Chan, L., Schrier, R.W. 1990. Effects of calcium channel
blockers on renal function. Annu. Rev. Med. 41:289-302

7. Davis, C.W., Finn, A L. 1987. Interactions of sodium trans-
port, cell volume, and calcium in frog' urinary bladder. J.
Gen. Physiol. 89:687-702

8. Dellasega, M., Grantham, J.J. 1973, Regulation of renal tu-
bule cell volume in hypotonic media. Am. J. Physiol.
224:1288-1294

9. Eveloff, J.L., Warnock, D.G. 1987. Activation of ion trans-
port systems during cell volume regulation. Am. J. Physiol.
252:F1-F10

10. Filipovic, D., Sackin, H. 1991. A calcium permeable stretch-
activated cation channel in renal proximal tubule. Am. J.
Physiol. 260:F119-F129

11. Fiskum, G., Cockrell, R.S. 1985. Uncoupler-stimulated re-
lease of Ca’* from Ehrlich ascites tumor cell mitochondria.
Arch. Biochem. Biophys. 240:723-733

12. Foskett, J.K. 1988. Simultaneous Nomarski and fluorescence
imaging during video microscopy of cells. Am. J. Physiol.
255:C566-C571

13. Goligorsky, M.S., Hruska, K.A., Loftus, D.J., Elson, E.L.
1986. Alpha l-adrenergic stimulation and cytoplasmic free
calcium concentration in cultured renal proximal tubular
cells: Evidence for compartmentalization of quin-2 and fura-
2. J. Cell. Physiol. 128:466-474

14. Goligorsky, M.S., Loftus, D.J., Hruska, K.A. 1986. Cyto-
plasmic calcium in individual proximal tubular cells in cul-
ture. Am. J. Physiol. 251:F938—-F944

15. Grinstein, S., Dupre, A., Rothstein, A. 1982, Volume regula-
tion by human lymphocytes: Role of calcium. J. Gen. Physiol.
79:849-868

16. Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new gener-
ation of Ca?* indicators with greatly improved fluorescence
properties. J. Biol. Chem. 260: 3440-3450

17. Hoffmann, E.K. 1987. Volume regulation in cultured cells.
Curr. Topics Membr. Transp. 30:125-180

18. Hoffmann, E.K., Lambert, I.LH., Simonsen, L.O. 1986.
Separate, Ca’*-activated K™ and Cl~ transport pathways in
Ehrlich ascites tumor cells. J. Membrane Biol. 91:227—
244

19. Hoffmann, E.K., Simonsen, L.O. 1989. Membrane mecha-
nisms in volume and pH regulation in vertebrate cells. Phys-
iol. Rev. 69:315-382 ’

20. Hoffmann, E.K., Simonsen, L.O., Lambert, [.H. 1984. Vol-
ume-induced increase of K* and Cl~ permeabilities in Ehrlich
ascites tumor cells: Role of internal Ca?*. J. Membrane Biol.
78:211-222

21. Kirk, K.L., Schaffer, J.A., DiBona, D.R. 1987. Cell volume
regulation in rabbit proximal straight tubule perfused in vitro.
Am. J. Physiol. 252:F922-F932

22. Lee,K.S., Tsien, R.W. 1983. Mechanism of calcium channel
blockade by verapamil, D600, diltiazem, and nitrendipine in
single dialyzed heart cells. Nature 302:790-794

23. Linshaw, M.A., Grantham, J.J. 1980. Effect of collagenase
and ouabain on renal cell volume in hypotonic media. Am. J.
Physiol. 238:F491-F498

24. McCarty, N.A., O’Neil, R.G. 1991. Calcium-dependent con-
trol of volume regulation in renal proximal tubule cells. I1.
Roles of dihydropyridine-sensitive and -insensitive Ca?* en-
try pathways. J. Membrane Biol. 123:161-170

25. McCarty, N.A., O’Neil, R.G. 1990. Dihydropyridine-sensi-



160

26.

27.

28.

29.

30.

31.

32.

33.

N.A. McCarty and R.G. O’Neil: Swelling-Induced Ca’* Entry and Release

tive cell volume regulation in proximal tubule: The calcium
window. Am. J. Physiol. 259:F950-F960

McCarty, N.A., O’Neil, R.G. 1990. The dihydropyridine-
sensitive, cell volume-activated Ca entry pathway in proxi-
mal tubule. J. Cell Biol. 111:63a

Reed, P.W., Lardy, H.A. 1972. A23187: A divalent cation
ionophore. J. Biol. Chem. 247:6970-6977

Sackin, H. 1989. A stretch-activated K* channel sensitive to
cell volume. Proc. Natl. Acad. Sci. USA 86:1731-1735
Schmid, A., Dehlinger-Kremer, M., Schulz, I., Gogelein, H.
1990. Voltage-dependent insP3-insensitive calcium channels
in membranes of pancreatic endoplasmic reticulum vesicles.
Nature 346:374-376

Simon, S.M., Blobel, G., Zimmerberg, J. 1989. Large aque-
ous channels in membrane vesicles derived from the rough
endoplasmic reticulum or the plasma membrane of Esche-
richia coli. Proc. Natl. Acad. Sci. USA 86:6176-6180
Snowdowne, K.W., Borle, A.B. 1985. Effects of low extra-
cellular sodium on cytosolic ionized calcium: Na*-Ca™* ex-
change as a major calcium influx pathway in kidney cells. J.
Biol. Chem. 260:14998-15007

Suzuki, M., Kawaguchi, Y., Kurihara, S., Miyahara, T. 1989.
Heterogeneous response of cytoplasmic free Ca** in proxi-
mal convoluted and straight tubule cells in primary culture.
Am. J. Physiol. 28T:F724-F731

Suzuki, M., Kawahara, K., Ogawa, A., Morita, T., Kawa-
guchi, Y., Kurihara, S., Sakai, O. 1990. [Ca?*}; rises via G
protein during regulatory volume decrease in rabbit proximal
tubule cells. Am. J. Physiol. 258:F630-F696

34

35.

36.

37.

38.

39.

40.

Talor, Z., Arruda, J.A.L. 1986. Na-Ca exchange in renal
tubular basolateral membranes. Min. Electrolvte Metub.
12:239-245

Volpe, P., Krause, K.H., Hashimoto, S., Zorzato, F., Poz-
zan, T., Meldolesi, J., Lew, D.P. 1988. ‘*Calciosome,” a
cytoplasmic organelle: The inositol 1.4,5-trisphosphate-
sensitive Ca’* store of nonmuscle cells? Proc. Natl. Acad.
Sci. USA 85:1091-1095

Welling, P.A., Linshaw, M.A. 1988. Importance of anion
in hypotonic volume regulation of rabbit proximal straight
tubule. Am. J. Physiol. 255:F853—-F860

Welling, P.A., O'Neil, R.G. 1990. Cell swelling activates
basolateral membrane Ct and K conductances in rabbit proxi-
mal tubule. Am. J. Physiol. 258:F951-F962

Wong, S.M.E., DeBell, M.C., Chase, H.S., Jr. 1990. Cell
swelling increases intracellular free [Ca] in cultured toad blad-
der cells. Am. J. Physiol. 258:F292-F296

Yamaguchi, D.T., Green, J., Kleeman, C.R., Muallem, S.
1989. Characterization of volume-sensitive, calcium-perme-
ating pathways in the osteosarcoma cell line UMR-106-01. J.
Biol. Chem. 264:4383-4390

Yang, X.C., Sachs, F. 1989. Block of stretch-activated ion
channels in Xernopus oocytes by gadolinium and calcium ions.
Science 243:1068-1071

Received 7 November 1990; revised 5 April 1991



