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Abstract The American alligator can hibernate during
winter, which may lead to osmotic imbalance because of
reduced kidney function and lack of food consumption
during this period. Accordingly, we hypothesized that their
red blood cells would have a well-developed regulatory
volume decrease (RVD) to cope with the homeostatic
challenges associated with torpor. Osmotic fragility was
determined optically, mean cell volume was measured by
electronic sizing, and changes in intracellular Ca** con-
centration were visualized using fluorescence microscopy
and fluo-4-AM. Osmotic fragility increased and the ability
to regulate volume was inhibited when extracellular Na™
was replaced with K, or when cells were exposed to the
K™ channel inhibitor quinine, indicating a requirement of
K* efflux for RVD. Addition of the ionophore gramicidin
to the extracellular medium decreased osmotic fragility and
also potentiated volume recovery, even in the presence of
quinine. In addition, hypotonic shock (0.5 x Ringer) caused
an increase in cytosolic Ca®*, which resulted from Ca®"
influx because it was not observed when extracellular Ca®"
was chelated with EGTA (ethylene glycol-bis(2-amino-
ethylether)-N,N,N' ,N'-tetraacetic acid). Furthermore, cells
loaded with BAPTA-AM (1,2-bis(2-aminophenoxymeth-
yDethane-N,N,N',N'-tetraacetic ~ acid tetrakis(acetoxy-
methyl) ester) or exposed to a low Ca”*-EGTA hypotonic
Ringer had a greater osmotic fragility and also failed to
recover from cell swelling, indicating that extracellular
Ca’" was needed for RVD. Gramicidin reversed the
inhibitory effect of low extracellular Ca®". Finally, and
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surprisingly, the Ca?" ionophore A23187 increased
osmotic fragility and inhibited volume recovery. Taken
together, our results show that cell swelling activated a K*
permeable pathway via a Ca*"-dependent mechanism, and

this process mediated K* loss during RVD.

Keywords Regulatory volume decrease - Fluo-4 -
EGTA - BAPTA - A23187 - Quinine - Gramicidin

The ability of animal cells to regulate their volume is a
fundamental property common to a large number of cell
types and has been reviewed extensively (Hoffmann et al.
2009; Koivusalo et al. 2009; Lang et al. 1998; Wehner
et al. 2003). Volume regulation is necessary when cells are
exposed to anisotonic extracellular conditions, and when
the transport of solutes or pathophysiological conditions
change intracellular osmolality (Lang 2007). Membrane
transport pathways associated with volume regulation also
have been implicated in processes as diverse as apoptosis,
lymphocyte activation, and cell proliferation (Jakab et al.
2002; Lang et al. 2006; McManus et al. 1995; Okada et al.
2001; Wehner et al. 2003).

Exposure of vertebrate cells to a hypotonic solution
results in an initial increase in cell volume as a result of the
relatively rapid influx of water. During continuous hypo-
tonic challenge, increases in cell volume are followed by a
slower, spontaneous recovery toward the preshock level, a
process known as regulatory volume decrease (RVD). This
recovery is accomplished by selectively increasing the
permeability of the plasma membrane during cell swelling
to allow for efflux of specific intracellular osmolytes,
thereby reversing the driving force for water influx
(Hoffmann et al. 2009; Koivusalo et al. 2009; Lang 2007;
Wehner et al. 2003). Vertebrate cells typically lose K™ and
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ClI” during RVD (Hoffmann et al. 2009; Lang 2007;
Wehner et al. 2003). This may occur by electroneutral ion
transport pathways or by the separate activation of K* and
CI™ channels (Hoffmann et al. 2009; Lang 2007; Wehner
et al. 2003). Loss of organic anions and osmolytes also may
occur during RVD (Kirk and Strange 1998; Puffer et al.
2006; Wehner et al. 2003).

Calcium is a pivotal signaling agent for a wide variety of
physiological processes. An elevation in the concentration
of intracellular free Ca®* from a resting level of approxi-
mately 50-100 nM to a stimulated level of 1-10 uM
occurs as a rapid response to a number of cellular stimuli,
including growth factors, neurotransmitters, hormones,
peptides, toxins, and cell swelling (Foskett 1994).
Although the cellular mechanisms that activate and regu-
late permeability pathways during RVD are not completely
understood and differ between cell types (Hoffmann et al.
2009; Jakab et al. 2002; Land et al. 1998; Wehner et al.
2003), Ca** has been shown to play a key role during RVD
in a number of cases (Foskett 1994; Jakab et al. 2002;
Pasantes-Morales and Morales 2000; Tinel et al. 2000).

In some instances, RVD depends on Ca”" influx across
the plasma membrane, whereas in other cell types the Ca®"
response is mediated by Ca®" release from intracellular
stores (Foskett 1994; Tinel et al. 2000). In addition,
although Ca®" may directly activate ion channels during
RVD (Foskett 1994; Lang 2007; Pasantes-Morales and
Morales 2000), there is evidence that several Ca**-
dependent intracellular messengers and enzymes (e.g.,
calmodulin, phospholipase A,, eicosanoids, and protein
kinases) are involved with cell volume regulation (Hoff-
mann et al. 2009; Tinel et al. 2000). Furthermore, the
cytoskeleton is thought to play a role in volume regulation
and actin polymerization is dependent on intracellular Ca®"
levels (Hoffmann et al. 2009; Pedersen et al. 2001).

Recent studies in our laboratory demonstrate that
American alligator red blood cells (RBCs) display a robust
RVD in response to hypotonic shock. We chose this spe-
cies as a model system because alligators are known to
hibernate from September until late spring (Hernandez and
Coulson 1952; Rosenblatt 1936). During this state of tor-
por, they do not consume food, which may cause variations
in the concentration of plasma electrolytes and nonelec-
trolytes (Rosenblatt 1936; Lance and Elsey 1999). In
addition, kidney function is greatly reduced during hiber-
nation, which also may lead to osmotic imbalance
(Zancanaro et al. 1999). Accordingly, we speculated that
alligator RBCs should have a well-developed RVD to cope
with the homeostatic challenges of hibernation. The pur-
pose of this study was to investigate the cellular basis by
which alligator RBCs regulate volume under hypotonic
conditions, with an emphasis on the potential role of Ca®"
influx and K" efflux. To this end, we used three different
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complementary experimental approaches: (1) hemolysis
studies to examine osmotic fragility, (2) fluorescence
microscopy to detect changes in intracellular Ca** levels,
and (3) a Coulter counter to measure the volume of
osmotically stressed cells.

Methods
Cells

American alligator (Alligator mississippiensis) blood,
Alsever’s anticoagulant, was obtained from Carolina Bio-
logical Supply (Burlington, NC). Blood was kept at 4°C for
no more than 2 weeks before use and was mixed daily.

Osmotic Fragility

Osmotic fragility was examined by determining the degree
of cell lysis for a suspension of RBCs in hypotonic Ringer.
The level of hemolysis was determined via a turbidity shift
(cloudy to clear) that occurs when the integrity of the
plasma membrane is compromised. This was detected with
a spectrophotometer (Spectronic 21D, Milton Roy Co.)
5 min after blood (15-30 pl) was added to hypotonic
Ringer solutions (3 ml) of different compositions. (Slight
differences in the values of mean OD between the controls
in Figs. 1 and 2 resulted from using different volumes of
blood. However, the same volume of blood was used
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Fig. 1 Inhibition of K" efflux increased the osmotic fragility of
alligator RBCs. The control (solid bar) was diluted reptilian Ringer
(85 mosm/kg H,O, a concentration at which approximately 50% of
the control cells lysed). The high K solution, diluted Ringer with the
concentrations of NaCl and KCl switched with one another, increased
osmotic fragility (n = 12). Quinine (I mM, n = 12), a nonselective
K* channel antagonist, also increased fragility, whereas the cationo-
phore gramicidin (gram, 1 uM, n = 12) reversed this effect (both
agents were added to the extracellular medium before the addition of
RBCs, and choline was substituted for Na® when conducting
experiments with gramicidin). Values are means £ SEM of OD.
*** P < 0.001
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Fig. 2 Inhibition of CI~ efflux or chelating Ca*>" increased osmotic
fragility. The control (solid bar) was diluted Ringer (85 mosm/kg
H,0). The ClI™ transport inhibitor DIDS (10 pM), added to Ringer
before the addition of RBCs, increased osmotic fragility (n = 12).
The taurine Ringer (30 mM taurine with NaCl reduced accordingly to
maintain osmolality) also increased fragility (n = 12). EGTA, used to
reduce the level of free Ca®" in the extracellular medium to 10 nM
(n = 12), and BAPTA-AM (100 pM), used to chelate cytosolic Ca>*
(n = 8), increased fragility. The Ca®>" ionophore A23187 (0.5 uM)
caused an increase in osmotic fragility (n = 12). Values are means +
SEM of OD. ** P < 0.01, *** P < 0.001

within each experimental set.) Spectrophotometric experi-
ments were conducted at 625 nm because an absorption
spectrum indicated that this wavelength provided the
greatest difference in optical density (OD) between intact
and lysed cells.

A hemolytic index (HI) was determined using the fol-
lowing formula: HI(%) = (OD of test compound — OD of
negative control)/(OD of positive control — OD of negative
control) x 100, where OD of test compound refers to the
OD of a cell suspension in diluted Ringer to which a test
compound was added, OD of negative control refers to the
OD of a cell suspension in diluted Ringer, and OD of
positive control refers to the OD of a cell suspension in
distilled water (used to set spectrophotometer OD to zero).

All reported hemolytic indices were calculated using
Ringer solutions with a concentration of (mean = standard
error of the mean [SEM]) 85.0 £ 1.5 mosm/kg H,O. We
chose this concentration because it was sufficiently dilute
to lyse approximately half the cells in suspension (deter-
mined empirically by challenging cells with solutions
ranging from 0 to 300 mosm/kg H,O). Consequently, we
could assess whether a test compound increased osmotic
fragility by a subsequent reduction in OD compared to the
control solution. Conversely, a rise in OD indicated that a
test compound reduced osmotic fragility. Because non-
mammalian vertebrates have nucleated RBCs, which cau-
ses suspensions of lysed RBCs to remain slightly turbid,
NaHCO;5; (1 mM) was added to all solutions. The slight
alkalinity leads to better clearing of solutions without

influencing experimental results (Light et al. 2003). Cell
lysis also was confirmed microscopically (Nikon Diaphot,
Hoffman differential interference contrast optics, 400x).

Fluorescence Microscopy

Intracellular free Ca®" levels were monitored using the
fluorescent Ca>* indicator fluo-4-AM (10 M, Molecular
Probes, Eugene, OR). This indicator has a high binding
affinity for Ca>* (Kjqg = 345 nM) and a large fluorescence
intensity increase in response to Ca®" binding (>100 fold,
Thomas et al. 2000). The acetoxymethyl (AM) ester
derivative permeates cell membranes, and once inside a
cell, the lipophilic blocking groups are cleaved by non-
specific esterases. This results in a charged form that is
relatively impermeable.

Aliquots of fluo-4-AM were mixed with dimethyl sulf-
oxide (DMSO) and diluted to give a final concentration of
10 uM. The nonionic detergent Pluronic F-127 was used to
assist in dispersion of the nonpolar AM ester in aqueous
media. This was accomplished by mixing an aliquot of AM
ester stock solution in DMSO with an equal volume of 20%
(w/v) Pluronic in DMSO before dilution into the loading
medium. Cells were incubated with the AM ester for
60-90 min at room temperature. Cells were then washed in
indicator-free medium to remove any dye that was not
specifically associated with the cell surface and then
incubated for another 30—60 min to allow for complete de-
esterification of intracellular AM esters.

Cell swelling was accomplished by adding an equal
volume of hypotonic (0.1x) Ringer to the isotonic Ringer
(this reduced osmolality [0.5x] without changing the Ca*",
Mg2+, glucose, and buffer concentrations). Cells in iso-
tonic Ringer served as the negative control, whereas cells
in isotonic Ringer with A23187 (Ca**-ionophore, 0.5 pM;
Tiffert and Lew 1997) served as the positive control. Cells
were photographed with a Zeiss Axiovert 100 microscope
using Metamorph 6.1 software (Universal Imaging Corp.)
or with a Nikon TE 2000-U microscope equipped with
Hoffman DIC optics (400x) and epifluorescence (mercury
lamp and FITC filter cube) using Metamorph 6.2 software.
For any given experiment, only cells photographed using
the same microscope and imaging parameters were used
for comparison purposes.

Coulter Counter

Cell volume distribution curves were obtained by elec-
tronic sizing using a Coulter counter model Z2 with
channelizer (Coulter Electronics, Hialeah, FL). Mean cell
volume was taken as the mean volume of the distribution
curves. The diameter of the aperture tube orifice was
100 pm, and the metered volume was 0.5 ml. Absolute cell
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volumes were obtained using polystyrene latex beads
(9.565 uM diameter or 459.9 fl volume) as standards
(Coulter). Experiments with the latex beads showed that
measured volumes were unaffected by changes in osmo-
lality and ionic composition within the ranges used for this
study. Cell suspensions were diluted to give a final cell
density of approximately 10,000 cells/ml.

Relative cell volume is defined as the average volume of
cells compared to that in an isotonic medium. As described
by others (Jorgensen et al. 1997), a percentage volume
recovery at X minutes after hypotonic exposure was cal-
culated as [(Vimax — VX min)/(Vmax — Vo)l x 100, where
Vimax 18 the peak relative cell volume, Vj is the initial rel-
ative volume (or one), and Vx ., is the relative cell vol-
ume measured X minutes after hypotonic exposure. A
percentage volume decrease was calculated as [(percentage
T€COVETY experimental)/ (PETCENtAZE  TECOVETYconwol)] X 100,
where maximal recovery in hypotonic Ringer is 100%.

Solutions

Isosmotic reptilian Ringer consisted of (in mM) 140 NaCl,
6 KCl, 2.0 CaCl,, 1.5 MgCl,, 5.5 glucose, and 10 HEPES
(N-[2-hydroxyethyl] piperazine-N'[2-ethanesulfonic acid];
titrated to pH 7.4 with NaOH or HCI, 300 £ 2 mosm/kg
H,0). A low Na™ Ringer, used for all experiments with
gramicidin, was prepared by substituting choline chloride
for NaCl (Mastrocola et al. 1991), and a hypotonic
(~0.5x) Ringer was obtained by reducing the NaCl con-
centration to 70 mM. A high K™ Ringer was made by
swopping the concentrations of NaCl and KCl, and a high
taurine Ringer contained 30 mM taurine (with an appro-
priate reduction in the concentration of NaCl). For some
experiments, NaCl was replaced with N-methyl-p-gluc-
amine (NMDG) chloride, and in other experiments the free
Ca”" concentration in the extracellular solution was
adjusted from 10 nM to 5000 nM using ethylene glycol-
bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA)
and appropriate concentrations of CaCl, (calculated
by http://entropy.brneurosci.org/egta.html or http://www.
stanford.edu/ ~ cpatton/webmaxc/webmaxclite115.htm).
Cells were loaded with 1,2-bis(2-aminophenoxymethyl)
ethane-N,N,N',N'-tetraacetic acid terrakis(acetoxymethyl)
ester (BAPTA-AM) in a manner similar to that described
above for fluo-4-AM.

A stock solution of gramicidin was dissolved in meth-
anol, A23187 was prepared in DMSO, and 4,4’-diisothio-
cyanostilbene-2,2’-disulfonic acid (DIDS) was dissolved in
ethanol, all at 1000x the final concentration and then
diluted to give an appropriate working concentration. All
stock aqueous solutions were diluted 100x to give an
appropriate final concentration. For osmotic fragility
experiments, pharmacological agents or their vehicle were
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present before the addition of cells. For cell volume stud-
ies, pharmacological antagonists were added with hypo-
tonic exposure, whereas agonists were added at the peak
cell volume (1 min after hypotonic shock). The osmolality
of solutions was measured with a vapor pressure osmom-
eter (#5500, Wescor, Logan, UT), and the pH was deter-
mined using an Accumet Basic AB15 pH meter (Fisher
Scientific). Chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO), Axxora (San Diego, CA),
and ICN Pharmaceuticals Inc. (Costa Mesa, CA). All
solutions were filtered with a 0.8 uM Advantec cellulose
acetate membrane filter before use, and all experiments
were conducted at room temperature (21-23°C).

Statistics

Data are reported as means &= SEM. The statistical sig-
nificance of an experimental procedure was determined by
a paired Student’s t-test or least significant difference test
with paired design of analysis of variance (ANOVA)/
multivariate ANOVA (MANOVA), as appropriate (Data
Desk software, Ithaca, NY). P < 0.05 was considered
significant. Cell volumes at specific times were tested
against each other.

Results
Osmotic Fragility Studies

Although osmotic fragility depends on several factors, we
first examined this property as one assessment of a cell’s
ability to regulate volume in a hypotonic medium. The OD,
measured at a concentration of Ringer where approxi-
mately 50% of the cells in suspension were intact, was
0.069 £ 0.002 (n = 12 experiments, Fig. 1). To determine
whether osmotic fragility depended on the efflux of K™, we
repeated this assay with a high K™ (low Na™) medium to
reduce the electrochemical gradient for this cation. In this
case, the OD measured at the same osmolality as the
control decreased to 0.036 £+ 0.003 (n = 12, P < 0.001,
Fig. 1), giving a HI of 48%.

Consistent with these results, the nonselective K%
channel antagonist quinine (1 mM; Yeung et al. 2005) also
increased osmotic fragility. In this instance, the OD
decreased from 0.074 £ 0.002 to 0.042 £ 0.002, giving a
HI of 43% (n = 12, P < 0.001, Fig. 1). Quinidine (1 mM)
had the identical response as quinine (n = 8); however,
tetraethylammonium (TEA, 10 mM, n = 5) had no effect
(not shown). In contrast, the K™—C1~ cotransport inhibitors
bumetanide (10 pM) and furosemide (10 uM and 100 pM;
Ellory et al. 1990) had no demonstrable effect (not shown).
However, gramicidin (1 uM) prevented the inhibitory
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effect of quinine (gramicidin is a cationophore that was
used to maintain a high K* permeability in a choline
Ringer, Mastrocola et al. 1991). In fact, even in the pres-
ence of quinine, gramicidin increased the OD from 0.070 +
0.003 to 0.113 £ 0.003 (n = 12, P < 0.001, Fig. 1), indi-
cating that quinine did block K* efflux. Vehicle for
gramicidin (methanol, diluted 1:1000, n = 6) or replacing
Na™ with choline (n = 6) had no demonstrable effect (not
shown).

We next examined whether the level of Cl™ efflux
influenced osmotic fragility. Cells exposed to the Cl™
transport antagonist DIDS (10 pM; Yeung et al. 2005) had a
decrease in OD, from 0.053 £ 0.002 to 0.031 £ 0.002
(n = 12, P < 0.001, Fig. 2), giving a HI of 42%. In addi-
tion, the efflux of taurine, an amino acid commonly elimi-
nated by cells during RVD (Hoffmann et al. 2009; Puffer
et al. 2006), also was assessed. Cells bathed in a high taurine
Ringer displayed a decrease in OD, from 0.051 % 0.002 to
0.038 &+ 0.002, a HI of 25% (n = 12, P < 0.01, Fig. 2).

To determine whether osmotic fragility depended on
extracellular Ca", we repeated this assay with a low Ca**-
EGTA Ringer (10 nM free Ca®"). In this case, the OD
decreased from 0.056 £ 0.002 to 0.030 £ 0.002, giving a
HI of 46% (n =12, P < 0.001, Fig. 2). Because a low
concentration of extracellular Ca** may make cells more
fragile by reducing membrane integrity (Orlov et al. 2005),
we also directly lowered intracellular Ca®" by loading cells

Fig. 3 Alligator erythrocytes loaded with fluo-4 (10 pM) and
exposed to ultraviolet light emitted from a mercury vapor bulb,
filtered through a FITC cube (400x). a Cells in isosmotic Ringer
visualized with DIC optics (cells were ~21 um x 11 pm or
~390 fl). b Cells did not display fluorescence under isosmotic
conditions (n = 8). ¢ Addition of A23187 (0.5 uM) to the extracel-
lular medium, a positive control, increased fluorescence under
isosmotic conditions (n = 8). d Exposure to a hypotonic (0.5x)
Ringer increased fluorescence compared to basal conditions (n = 8)

with BAPTA-AM (100 uM). This procedure decreased the
OD from 0.053 £ 0.002 to 0.040 £ 0.002, a HI of 25%
(n =8, P <0.01, Fig. 2). Having established that a low
concentration of Ca*" increased osmotic fragility, we next
used A23187, a Ca®'-specific ionophore (Yeung et al.
2005), to artificially increase levels of intracellular Ca’t.
Surprisingly, A23187 (0.5 uM) decreased the OD from
0.052 £ 0.002 to 0.037 £+ 0.002 (n =12, P < 0.01,
Fig. 2), indicating a greater number of cells had lysed (HI
of 29%). Finally, the calcium channel blockers verapamil
(10 pM, n = 6) and nifedipine (10 pM, n = 6; Mignen
et al. 1999; Tinel et al. 2000) had no effect on osmotic
fragility (not shown).

Fluorescence Microscopy Studies

Having shown that osmotic fragility was dependent on the
concentration of extracellular Ca>", we next determined
whether levels of intracellular Ca®* changed during cell
swelling. A photograph of cells in isosmotic Ringer under
DIC optics is shown in Fig. 3a. As shown in Fig. 3b, cells
loaded with fluo-4-AM (10 pM) did not display fluorescence
under isosmotic conditions (n = 8). In contrast, addition of
A23187 (0.5 uM), used as a positive control, stimulated
fluorescence under isosmotic conditions. This indicated that
cells were properly loaded with dye and that we could detect
qualitative changes in the level of cytosolic Ca** (n = 8,
Fig. 3c). Exposure of cells to a hypotonic (0.5x) Ringer
increased the level of fluorescence, indicating a rise in
intracellular Ca>* occurred in swollen cells (n = 8,Fig. 3d).
However, exposing cells to a low Ca*"-EGTA hypotonic
(0.5x) Ringer did not cause demonstrable fluorescence
(n = 8, not shown). Finally, verapamil (10 uM, n = 5) and
nifedipine (10 pM, n = 5) had no effect on fluorescence
after hypotonic challenge (not shown).

Cell Volume Studies

When RBCs were placed in a hypotonic (0.5x) Ringer,
they quickly swelled, and then slowly and spontaneously
decreased in volume, giving a percent volume recovery of
44% (Fig. 4a). In contrast, a high K hypotonic Ringer
caused a dramatic inhibition of volume recovery (n = 12,
P < 0.001 at > 20 min, Fig. 4a). In this case, the percent
volume recovery was —25%, indicating the cells had
actually continued to swell further.

Volume recovery in RBCs also was inhibited with qui-
nine (1 mM). In this case, although the recovery for control
cells at 70 min after hypotonic shock was 79%, and it was
only 38% with quinine (n = 12, P < 0.001 > 20 min,
Fig. 4b). Quinidine (1 mM) had the same level of inhibi-
tion on volume recovery (n = 6); however, TEA (10 mM,
n = 5) had no effect (not shown). In addition, bumetanide
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Fig. 4 Inhibition of K* efflux blocked volume recovery. At time 0,
cells were abruptly exposed to a hypotonic (~0.5x) Ringer, which
caused a rapid initial increase in volume followed by a gradual
recovery toward basal values, despite the continued presence of a
hypotonic medium. a High K* hypotonic Ringer blocked volume
recovery (n = 12). b Quinine (1 mM), added to the bath before the

(10 pM) and furosemide (10 uM or 100 uM) had no
demonstrable effect (not shown). However, gramicidin
(1 uM), even in the presence of quinine (1 mM), enhanced
volume recovery. The percent volume recovery with
gramicidin at 70 min was 111% (n =12, P < 0.001,
Fig. 4b; gramicidin was added 1 min after hypotonic
shock, when maximum cell volume was observed).

We next examined the effect of two ionophores using an
isosmotic Ringer. As illustrated in Fig. 5, there was a sig-
nificant reduction in volume after the addition of the ca-
tionophore gramicidin (1 pM, n = 8, P < 0.001 > 5 min).
A lack of subsequent volume recovery to basal conditions

1.02 +
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= . )
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o - "
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Fig. 5 Pharmacologically increasing the K permeability caused
volume decrease under isosmotic conditions. That is, addition of the
ionophore gramicidin (1 uM) to isosmotic Ringer caused cells under
basal conditions to shrink (n = 10, choline was substituted for Na*
when conducting experiments with gramicidin). In contrast, the Ca®*
ionophore A23187 (0.5 pM) caused a slight but significant increase in
volume under isosmotic conditions (n = 8). Values are means = SEM
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addition of cells, also blocked volume recovery (n = 12). In contrast,
gramicidin (1 pM), added at 1 min after hypotonic shock, potentiated
volume recovery even in the presence of quinine (n = 10). Choline
was substituted for Na™ when conducting experiments with grami-
cidin. Values are means += SEM

with gramicidin was most likely due to the use of a choline
Ringer, which could inhibit regulatory volume increase
(RVI). Interestingly, the Ca®"-specific ionophore A23187
(0.5 uM) caused a slight but significant increase in cell
volume under isosmotic conditions (n = 8, P < 0.05,
Fig. 5).

The influence of extracellular Ca®" on volume recovery
also was assessed. As predicted from the osmotic fragility
studies, reducing extracellular Ca®* to 10 nM inhibited
recovery of cell volume after hypotonic shock (n = 12,
P < 0.001 > 5 min, Fig. 6a). Under control conditions,
recovery at 90 min was 44%, whereas it was —15% for the
low Ca*"-EGTA Ringer. Interestingly, as shown in Fig. 6a,
gramicidin (1 uM) prevented the inhibitory affect of the
low Ca*" Ringer (n = 12). However, both nifedipine
(10 uM, n = 6) and verapamil (10 uM, n = 6) had no
demonstrable affect on volume recovery (not shown).

Having established that decreasing extracellular Ca®" to
10 nM inhibited volume recovery, we next determined
whether there was a concentration-dependence for this ion
in the extracellular medium. To accomplish this, we used
EGTA to chelate Ca®" to different levels, ranging from
10 nM to 5000 nM. As illustrated in Fig. 6b, the percent
volume recovery, measured 40 min after hypotonic chal-
lenge, was inhibited for all concentrations less than or
equal to 500 pM (n = 6 for each concentration). In addi-
tion, the steep portion of this sigmoidal relationship was
between 10 uM and 500 uM Ca”* in the external medium.

We also examined the effect of reducing intracellular
Ca*" directly by loading cells with BAPTA-AM (100 puM).
As illustrated in Fig. 7a, this procedure inhibited volume
recovery. At 90 min, the percent recovery for control cells



A. B. Elperin et al.: Calcium and Cell Swelling in Erythrocytes

gramicidin at 1 min

a 18+
B

1.6 +
@
£
2
S 141
@
=
< —e—control
g 1.2 + —-=-EGTA

——EGTA & gram
11 mEEEE

-20 0 20 40 60 80 100

Time (min)

Fig. 6 Chelating Ca®" in the extracellular medium inhibited recovery
of cell volume. a The rate of cell volume recovery was reduced
dramatically when cells were bathed in a low Ca**-EGTA hypotonic
Ringer (n = 12). In contrast, the inhibitory affect of low extracellular
Ca** was prevented with the addition of gramicidin (1 pM) to the
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Fig. 7 Chelating intracellular Ca** and pharmacologically increas-
ing Ca®" influx had similar effects on the recovery of cell volume
after hypotonic shock. At time 0, cells were abruptly exposed to a
hypotonic (0.5x) Ringer. a Loading cells with BAPTA-AM

was 53%, but was —10% with BAPTA-AM (n =8, P <
0.001 > 5 min, Fig. 7a). As described above, we demon-
strated with the osmotic fragility studies that addition of
A23187 to the extracellular medium made cells more
fragile. Consistent with these results, we found A23817
(0.5 uM) inhibited volume recovery. In this case, the
recovery for control cells at 90 min was 48%, whereas it
was —38% with the ionophore (n =12, P < 0.001 >
5 min, Fig. 7b). Similar results with A23187 also were
obtained when NaCl in the extracellular solution was
replaced with choline chloride (n = 6) or NMDG chloride
(n = 8, not shown).

We next examined whether the inhibition of volume reg-
ulation by increasing intracellular Ca>* to pharmacologically
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b Dose—response relationship between the extracellular Ca®* con-
centration and percent volume recovery measured 40 min after
hypotonic challenge (n = 6 for each concentration of Ca®"). Values
are means + SEM
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(100 uM), to reduce the level of cytosolic Ca2+, inhibited volume
recovery (n = 8). b Similarly, volume recovery was blocked with
A23187 (0.5 uM) in the extracellular medium (n = 12). Values are
means = SEM

high levels had a time-dependent nature. This was
accomplished by adding A23187 (0.5 pM) at 5 min
(n = 10, Fig. 8a) and at 30 min (n = 10, Fig. 8b) after
hypotonic shock. In both cases, the ionophore quickly
and dramatically inhibited volume recovery. Further, we
determined whether artificially increasing K* perme-
ability with gramicidin would reverse the inhibitory
affect of A23187. For this part of the study, gramicidin
was added 5 min or 30 min after hypotonic challenge to
an extracellular medium that already contained A23187
(0.5 uM). As shown in Fig. 9, gramicidin (1 uM) quickly
and profoundly reduced cell volume, reversing the
inhibitory affect of A23187 in a time-independent man-
ner (n = 8).
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Fig. 8 Calcium ionophore inhibited volume recovery after hypotonic
shock in a time-independent manner. At time 0, cells were abruptly
exposed to a hypotonic (0.5x) Ringer. a Volume recovery was
inhibited when A23187 (0.5 uM) was added to the extracellular

gram. at 5 min gram. at 30 min

2 —

o)
£
=
[e]
>
)
=
s
[0
o
—e—control
—8—-A23187
0.8 + —a—A23, gram at 5 min
—a—A23, gram at 30 min
0.6 1 ! 1

20 -10 0 10 20 30 40
Time (min)

Fig. 9 Increasing K* permeability pharmacologically reversed the
inhibitory effect of Ca>" ionophore in a time-independent manner. At
time 0O, cells were abruptly exposed to a hypotonic (0.5x) Ringer.
A23187 (0.5 uM) was present for all conditions, except the control,
and was placed in the extracellular medium before the addition of
cells. Gramicidin (1 uM) was then added to the extracellular solution
at either 5 min (n = 8) or 30 min (n = 8) after hypotonic shock. Cell
volume recovery was enhanced regardless of when it was added.
Choline was substituted for Na* when conducting experiments with
gramicidin. Values are means + SEM

Discussion

A major finding of this study is that RVD by alligator
RBCs depended on K* efflux during cell swelling. We
demonstrated this by bathing alligator RBCs in a high K™
medium, which increased osmotic fragility and also
reduced the degree of volume recovery after hypotonic
shock. In a similar manner, Kurbannazarova et al. (2003)
reported that RVD was abolished in rat thymocytes when
external Na™ was replaced with K*. We also found that
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medium 5 min after hypotonic challenge (n = 10). b Similar results
were obtained when ionophore was added at 30 min (n = 10). Values
are means = SEM

RVD was accelerated in the presence of gramicidin. This
indicates that the ionophore-induced K* permeability (Px)
was greater than the swelling-induced P, and thus Px was
arate limiting process during volume regulation. Related to
this, we found gramicidin caused cells to shrink under
isosmotic conditions. This also is consistent with alligator
RBCs having a low K* permeability under basal conditions
and an elevated K* permeability during hypotonic stress.
This conclusion is consistent with reports for bovine tra-
becular meshwork cells (Srinivas et al. 2004), murine
spermatozoa (Yeung et al. 2005), and Necturus RBCs
(Light et al. 2003), where RVD also was limited by the rate
of K efflux.

In addition, we found gramicidin reversed the inhibition of
RVD by quinine and quinidine, indicating that these antag-
onists did indeed block K™ efflux. In a similar manner, Yeung
etal. (2005) used valinomycin to show the involvement of K™+
channels in RVD by murine spermatozoa. Our studies also
demonstrated that in addition to swollen cells having a high
K™ permeability, there was presumably an accompanying
high C1™ permeability. This was further supported by a sig-
nificant increase in osmotic fragility when the C1™ transport
blocker DIDS was used. A similar phenomenon is reported
for trabecular meshwork cells (Srinivas et al. 2004), human
fibroblasts (Mastrocola et al. 1991), Ehrlich ascites tumor
cells (Niemeyer et al. 2001), Necturus RBCs (Light et al.
2003), and human bronchial epithelial cells (Caplanusi et al.
2006). In all of these cell types, hypotonic shock activates a
separate Py and Pc;.

Our pharmacological studies also provide indirect evi-
dence that K efflux occurred through a K™ channel. That
is, the nonselective K channel blockers quinine and
quinidine increased the limit of osmotic fragility and also
inhibited volume recovery, which is consistent with K+
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efflux occurring via a conductive pathway (Yeung et al.
2005). Similarly, others have shown that quinine inhibits
RVD. For example, this antagonist blocks RVD in murine
spermatozoa (Yeung et al. 2005), human bronchial epi-
thelia cells (Caplanusi et al. 2006), and boar and bull
spermatozoa (Petrunkina et al. 2001). Further, many cell
types lose K* during RVD via the activation of a K*
conductance. For instance, human bronchial epithelial cells
(Caplanusi et al. 2006), bovine trabecular meshwork cells
(Srinivas et al. 2004), Ehrlich cells (Niemeyer et al. 2001),
murine spermatozoa (Yeung et al. 2005), human osteo-
blasts (Weskamp et al. 2000), human nasopharyngeal car-
cinoma cells (He et al. 2009), and others (Hoffmann et al.
2009; Koivusalo et al. 2009; Lang 2007) all are reported to
have hypotonic challenge activate a K* conductance.
However, the loss of K by an ion channel during cell
swelling is relatively unusual for RBCs. To our knowledge,
the only other reports where a K™ conductance is activated
during RVD in a RBC is for the lamprey (Virkki and
Nikinmaa 1995) and Necturus (Light et al. 2003). Thus, it
appears that KCl efflux from RBCs of most species is
mediated by an electroneutral transport mechanism. For
example, a KClI cotransporter is used during RVD by RBCs
from dog (Fujise et al. 2001), human (Joiner et al. 2004),
and other species (Hoffmann et al. 2009).

It has been suggested by Niemeyer et al. (2001) that K*
channels activated during cell swelling belong to the
background K* channel group, voltage-independent chan-
nels which underlie the resting potential of many cells.
However, unlike a number of cell types that have a high
resting permeability to K, RBCs have a high basal per-
meability to Cl™, and thus their resting potential is deter-
mined primarily by Pc;. Accordingly, K* channels that are
activated during RVD in alligator RBCs may be different
from the background K* channels described by Niemeyer
et al. (2001). In addition, we found inhibition of RVD by
quinine was not as great as the inhibition resulting from a
high K* Ringer. This suggests that quinine did not com-
pletely inhibit the K™ efflux that occurred during volume
recovery. However, we also found that traditional K—Cl
cotransport inhibitors, such as bumetanide and furosemide,
had no demonstrable effect, nor did TEA. Thus, the specific
permeability pathways for K* remain to be elucidated.

Although K* efflux played a significant role during
RVD by alligator RBCs, taurine efflux also was important
for volume regulation. This was demonstrated by an
increase in osmotic fragility with a high taurine Ringer. We
point out that the loss of taurine during RVD is not unique
to alligator RBCs. In fact, it has been reported for other cell
types, including little skate RBCs (Puffer et al. 2006),
catfish liver cells (Goswami and Saha 2006), and others
(Hoffmann et al. 2009), all of which release taurine in
response to volume expansion.

Another major finding of this study is that hypotonic
swelling stimulated a rise in intracellular Ca2+, which was
necessary for RVD. This conclusion was demonstrated, in
part, by using epifluorescence microscopy and the fluo-
rescent Ca®" indicator fluo-4. We found no fluorescence
for cells exposed to isosmotic Ringer, indicating low levels
of free cytosolic Ca>*. In contrast, hypotonic shock caused
demonstrable fluorescence, demonstrating a rise in intra-
cellular Ca®' associated with cell swelling. Although
swollen cells displayed fluorescence as soon as we
observed them, we could not assess the initial time course
of events immediately after hypotonic challenge. There-
fore, we cannot say for certain whether a rise in intracel-
lular Ca®* preceded volume recovery, and thus triggered
RVD, or whether fluorescence lagged behind the volume
response because it resulted from damage to membrane
integrity. However, given this set of studies was conducted
using a 0.5x Ringer with a normal extracellular level of
Ca2+, which did not cause cells to lyse, our results are
consistent with Ca?" influx preceding and stimulating
volume recovery. In addition, our finding that hypotonic
shock increased cytosolic Ca*" is consistent with reports
for several other cell types. For instance, reducing the
osmolality of the bathing medium causes cytosolic Ca** to
increase in rat inner medullary collecting duct cells (Tinel
et al. 2000) and human osteoblasts (Weskamp et al. 2000).

Our findings also show that extracellular Ca®" in par-
ticular was necessary for the swelling-induced rise in
cytosolic Ca®". This was shown by a lack of fluorescence
associated with hypotonic shock when cells were exposed
to a low Ca’*" (~10 nM) medium. We should note that
once internalized, fluo-4 is diluted as cells swell in
response to hypotonic shock. This in turn decreases fluo-
rescence intensity in a corresponding manner. Because we
did not measure relative fluorescence intensity concomitant
with cell volume changes, it is possible there was a small
rise in intracellular Ca** in swollen cells exposed to the
low Ca’"-EGTA Ringer that we could not detect. How-
ever, we do not believe this was a significant problem in
our study because cells in a normal Ca>* hypotonic Ringer
displayed bright fluorescence even though they initially
swelled to the same extent as cells in a low Ca*"™-EGTA
solution. Conversely, although cells in a low Ca®>" hypo-
tonic Ringer had an inhibited RVD, they still initially
swelled to approximately the same size as cells in normal
Ca’" hypotonic Ringer, yet did not fluoresce. Taken
together, these observations support out conclusion that
extracellular Ca®" was necessary for an increase in fluo-
rescence associated with cell swelling. We cannot, how-
ever, rule out the presence of a Ca”*-induced calcium
release from intracellular stores.

A dependence on extracellular Ca** for RVD was fur-
ther supported by an increase in osmotic fragility and a lack
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of volume recovery after hypotonic shock when we
exposed cells to a low Ca’"-EGTA Ringer. It should be
noted that Orlov et al. (2005) have shown extracellular
Ca”" is required for the maintenance of plasma membrane
integrity in nucleated cells. In particular, they found RBCs
from fish, but not from mammals, underwent hemolysis
when exposed to low extracellular Ca2+, and this effect
was absent when instead cells were loaded with BAPTA-
AM. Although we cannot rule out definitively that there
was loss in membrane integrity when we used a low Ca®*-
EGTA Ringer, we do not believe our observations can be
adequately explained by this phenomenon. That is, we
found alligator RBCs loaded with BAPTA-AM also had an
increase in osmotic fragility and an inhibition of volume
recovery, indicating the effect we observed with a low
Ca>"-EGTA Ringer was likely due to a low availability of
intracellular Ca?* and not the loss of membrane integrity.
The importance of extracellular Ca*" for RVD also has
been shown for a number of other cell types (Hoffmann
et al. 2009; Koivusalo et al. 2009; Lang 2007,
Wehner et al. 2003). For instance, human osteoblasts
(Weskamp et al. 2000), human nasopharyngeal carcinoma
cells (He et al. 2009), and murine spermatozoa (Yeung
et al. 2005) all display a reduced RVD when placed in a
low Ca*" medium.

We also conducted preliminary experiments to assess the
specific nature of a Ca®" entry pathway during cell swell-
ing. We found conventional Ca®* channel blockers, such as
verapamil and nifedipine, had no effect on fluo-4 fluores-
cence or on cell volume recovery. This is in contrast to
several other reports that show these antagonists inhibit a
rise in intracellular Ca®" after hypotonic challenge. For
instance, Mignen et al. (1999) report that verapamil and
nifedipine dramatically reduce volume recovery by intact
mouse distal colon crypt cells and Tinel et al. (2000) found
these antagonists partly reduced the calcium response dur-
ing swelling of kidney cells. Park et al. (2007) found that
whereas nifedipine had no affect on RVD, verapamil sig-
nificantly inhibits volume recovery. Thus, the Ca®" per-
meability pathway in alligator RBCs remains ill defined. An
intriguing candidate, however, is a TRP channel. For
instance, Foller et al. (2008) have shown that human and
mouse erythrocytes express TRPC6 cation channels that can
be activated by osmotic shock and subsequently contribute
to Ca”" leak, as well as Ca®"-induced suicidal death.

Interestingly, we found that a pharmacologically high
level of intracellular Ca®", obtained by using A23187, had a
similar effect as a pharmacologically low level of extracel-
lular or intracellular Ca>* (obtained with EGTA or BAPTA-
AM, respectively). In other words, both situations increased
osmotic fragility and inhibited volume recovery after
hypotonic shock. In addition, A23187 caused cells
under isosmotic conditions to swell, indicating that this
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phenomenon was not unique to hypotonic challenge. The
inhibitory results obtained with A23187 were quite sur-
prising because they were the opposite of what we found
when using Necturus RBCs (Light et al. 2003) and salmon
RBCs (unpublished results). It is possible the level of
intracellular Ca®" that resulted with A23187 stimulated
solute flux related to RVI. However, we obtained similar
results with A23187 when the NaCl in the extracellular
medium was replaced with choline chloride or NMDG
chloride, both of which were presumably impermeable to the
plasma membrane. This indicates it was unlikely that the
Ca”" jonophore was permeated with Na™, thereby causing
cell swelling. In addition, the concentration of Ca’T in the
extracellular medium was 2 mM, and even if the intracel-
lular concentration of this ion increased to the same level in
the presence of A23187, it would not explain the amount of
swelling that was observed. Further, given the rapid time
course of swelling with A23187, it seems unlikely the ion-
ophore stimulated metabolic activity that increased intra-
cellular osmolality (e.g., hydrolysis of proteins into peptides
and amino acids). Thus, the inhibitory effect caused by
A23187 is intriguing and remains unexplained.

It also should be noted that RVD is not always reported
to be dependent on Ca®". For example, Pasantes-Morales
and Morales (2000) found Ca®"-dependent (predominantly
epithelial cells) and Ca**-independent (nonepithelial cells)
K™ fluxes activated by cell swelling. In the latter case, they
suggest that a rise in intracellular Ca®" elicited by hypo-
tonic challenge may be an epiphenomenon (Pasantes-
Morales and Morales 2000). Further, Park et al. (2007)
report that mouse cholangiocytes show no increase in
intracellular Ca®* during RVD, and that chelation of
extracellular Ca®" with EGTA has no affect on volume
recovery. Nonetheless, they found that BAPTA-AM
decreases intracellular Ca>t and also inhibits RVD, which
is reversed with valinomycin, suggesting that the BAPTA-
AM-induced inhibition is due to a K™ conductance or other
cellular process stimulated by intracellular Ca*". They
concluded that although an increase in intracellular Ca®" or
extracellular Ca®" is not required for RVD, Ca®" might
have a permissive role (Park et al. 2007).

Nonetheless, our overall results are consistent with a rise
in cytosolic Ca®" being necessary for RVD. We make this
claim because exposing cells to a low Ca>™-EGTA Ringer
or loading cells with BAPTA-AM increased osmotic fra-
gility and also reduced the rate of volume recovery, dem-
onstrating the importance of Ca®", and specifically
extracellular Ca”, for volume regulation. Thus, if a rise in
Ca>™ we observed during cell swelling was an epiphe-
nomenon accompanying RVD, as described by others
(Pasantes-Morales and Morales 2000), then -chelating
extracellular or intracellular Ca®* should not have inhibited
volume decrease.
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Although we have not determined the specific Ca®"
requirements for activating K* efflux in alligator RBCs, we
have shown that Ca>" influx and K™ efflux are necessary
steps for RVD. Further, we demonstrated that in swollen
cells, C1~ permeability was high, and K" permeability was
rate limiting to volume recovery. We therefore suggest that
a rise in intracellular Ca*" specifically stimulated K
efflux. This was shown, in part, pharmacologically using
the cationophore gramicidin with a choline Ringer. With
this solution, K* and C1~ were the only two permeable ions
of significance and addition of gramicidin ensured a con-
tinual high K* permeability. In this case, gramicidin pre-
vented the inhibitory effect of a low Ca’"-EGTA Ringer,
as well as the inhibitory effect of quinine. These results
indicate that K* efflux occurred “downstream” to the
Ca*"-dependent processes, and that our results are most
consistent with a rise in cytosolic Ca®" leading to the
stimulation of K* efflux, either directly (Ca®-activated
K" channel, Weskamp et al. 2000) or indirectly (a Ca’*-
stimulated biochemical pathway; Jakab et al. 2002). Taken
together, our observations are most consistent with this cell
type having a low K* permeability under isotonic condi-
tions, and an elevated K™ permeability in response to a rise
in cytosolic Ca*" during hypotonic stress.

The scenario we propose is similar with RVD described
for a number of other cell types (Hoffmann et al. 2009;
Koivusalo et al. 2009; Lang 2007; Wehner et al. 2003). For
instance, swelling of human osteoblast-like cells causes an
increase in intracellular Ca”, which in turn activates two
types of Ca’"-activated K™ channels (Weskamp et al.
2000). In addition, hypotonic shock opens a Ca®"-activated
K™ channel in human nasopharyngeal carcinoma cells (He
et al. 2009) and Ca*"-dependent K™ fluxes are activated by
cell swelling in a number of epithelial cells (Pasantes-
Morales and Morales 2000).

Finally, our results support our original hypothesis that
alligator RBCs would have a well-developed RVD as an
adaption to cope with the homeostatic imbalances during
torpor. Although we have not examined other cell types in
this species, it would be interesting to know whether vol-
ume regulation by RBCs differs from other tissues, espe-
cially those that may not face the same osmotic challenges.
It also would be interesting to examine whether the adap-
tations in alligator RBCs are universal among reptiles or
limited to those that “hibernate.” Regardless, our results
further demonstrate the myriad of different circumstances
whereby cells regulate membrane transport in order to deal
with osmotic challenges. In conclusion, American alligator
RBCs displayed a robust RVD in response to hypotonic
shock. In addition, hypotonic challenge led to a rise in
cytosolic Ca®", thereby stimulating volume decrease via
the activation of a quinine-inhibitable K* efflux pathway.
We propose that this rate-limiting step mediates RVD and

is therefore important for maintaining cell volume under
hypotonic conditions.
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