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Ca2+ content in human red blood cells (RBCs) in glycerol-containing solutions and
after freeze–thawing the cells with glycerol and subsequent deglycerolization were investigated with the Ca2+-
sensitive fluorescent dye fluo-4 using fluorescence microscopy. In the glycerol-containing solutions the Ca2+

content increased when compared with a physiological medium (Hepes buffered saline solution (HBSS)). This
effect wasmost likely a result of an inhibition of the Ca2+ pump. After inhibiting the Ca2+ pump using o-vanadate,
the Ca2+ uptake was not significantly different in the cells in glycerol-containing and physiological medium.
Freeze–thawing and deglycerolization of RBCs resulted in amore pronounced increase in the Ca2+ content. Also in
this case, the Ca2+ pump seemed to play a major role.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The elevation in the intracellular free Ca2+ content and modifica-
tion of the Са2+ pump activity can play an important role in the cellular
metabolic transformations underlying adaptation against stress
conditions. Such conditions arise, for example, during cooling down
to ultralow temperature (−196 °C) and long-term storage of red blood
cells (RBCs) in blood banks. Glycerol is one of the most effective
compounds used for cell protection against extreme physical and
chemical insults during the freeze–thawing processes [1,2]. Incuba-
tion of RBCs in hypertonic solutions of glycerol results in changes of
cell shape and volume that can induce alterations in the cell
membrane permeability for cations including Ca2+ [3] and alteration
of enzyme activity of the Са2+ pump [4].

HumanRBCs donot have intracellular Ca2+ stores and also lack a cell
membrane Na+/Ca2+-exchanger. Hence, for human RBCs, the intracel-
lular Ca2+ concentration depends on the balance of the Ca2+ influx and
efflux across the cell membrane. The Са2+ efflux is realized by the Ca2+

pump, the only high affinity Ca2+ transporting system by which Ca2+

can be removed from cells [5]. Under osmotic stress and cooling an
increase of the intracellular Ca2+ content in RBCs can be caused by
several ways. One possibility would be the activation of specific or
nonspecific cation channels. This could lead to an increase of the
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intracellular Ca2+ concentration under in vitro conditions even when
Ca2+ is not included as a component in the extracellularmedium. Trace
amounts of Ca2+, i.e. up to 10−6–10−5 M are always present in salt
solutions as an admixture [6]. Another possibility relates to modifica-
tions of the Са2+ pump activity.

During freeze–thawing RBCs a variety of factors influence the cells in
spite of glycerol protection and therefore, these factors could influence
the cell membrane structure and properties. As a consequence ion
transport pathways and barrier properties of the membrane could be
affected.

The aimof the investigationwas to study how the incubation of RBCs
with the cryoprotectant glycerol and theprocess of cell deglycerolization
after freeze–thawing influence the intracellular Ca2+ content. Tomonitor
the Ca2+ content, the Ca2+-sensitive fluorescence dye fluo-4 was used.
For measuring the Ca2+ uptake, o-vanadate has been applied to inhibit
the Ca2+ pump.

2. Materials and methods

2.1. Blood and solutions

Blood was used from healthy human donors and obtained from the
blood bank of the University Hospital of the Saarland University
(Homburg). Bloodwasdrawn inCPDAmediumandRBCswere separated
by centrifugation (1200 g, 5 min) at room temperature. The cells were
washed 3–4 times with a sodium chloride-based physiological solution
containing (mM): NaCl 150, glucose 10, Tris-(hydroxymethyl)amino-
methane (Tris) 10 titrated with HCl to pH 7.4 at room temperature.
Plasma and buffy coat were aspirated.
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Fig. 1. Fluorescence intensity of RBCs labeled with fluo-4. Curves 1 and 3: cells in HBSS
in the absence (1) and presence (3) of o-vanadate, curves 2 and 4: cells in glycerol-
containing solution in the absence (2) and presence (4) of o-vanadate. Ortho-vanadate
(10−3 M) was present to inhibit the Ca2+-pump. Each curve presents the average
fluorescence intensity of 240 RBCs from 6 donors.

Fig. 2. Fluorescence intensity of RBCs labeled with fluo-4. Cells in HBSS in the absence
(curve 1) or presence (curve 2) of o-vanadate (10−3 M) after cryopreservation and
deglycerolization. Each curve presents the average fluorescence intensity of 240 RBCs
from 6 donors.
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2.2. Freezing and deglycerolization

The freezing was performed as described in [7] with some
modifications. The cryoprotective solution contained 3.25 M glycerol,
220 mMmannitol, and 120 mMNaCl. The glycerol-containing medium
was added to RBCs in a 1:1 volume ratio. The incubation time was
20 min. Then the RBC suspension was frozen by immersion into liquid
nitrogen (temperature −196 °C). The thawing was carried out in water
bath at 42 °C with permanent shaking. Frozen–thawed RBCs were
centrifuged 3 times at 1200 g to separate the cells from glycerol. For the
first centrifugation glycerol was replaced by 600 mM NaCl, for the
second and third centrifugation the physiological solution containing
150 mM NaCl has been used.

2.3. Measurement of the intracellular free Ca2+ concentration

Intracellular free Ca2+ levels of single cells were monitored using an
inverted fluorescence microscope (Nikon) and the Ca2+-sensitive
fluorescent dye fluo-4 AM (4 µM). This indicator has a high affinity
binding for Ca2+ (Kd=345 nM) and a very large fluorescence intensity
increase in response to Ca2+ binding (N100 fold). The application of fluo-
4 for Ca2+ measurements in intact RBCs has been reported by our group
elsewhere [8]. Aliquots of fluo-4 AM were mixed with Pluronic F-127
(20% DMSO in H2O) and prepared to give a final concentration of 1 M
(stock solution). Thenon-ionic detergentwasused to assist in dispersion
of the non-polar AM ester in aqueous media. Washed RBCs (1%
haematocrit) were incubated with the fluo-4 AM for 45 min at 37 °C
in the dark. Cells were then washed in HEPES/NaOH-buffered saline
solution (HBSS) containing (mM) NaCl 145, KCl 7.5, 10 HEPES, pH 7.4 to
remove any dye and were re-suspended (0.015% haematocrit) in the
same medium. In some experiments when RBCs were incubated in the
presence of glycerol or pretreated with ortho-vanadate (o-vanadate,
final concentration 1 mM) the corresponding substances were present
in the loading media. Finally, an aliquot of stock solution was added to
give a final CaCl2 concentration of 2 mM.

2.4. Reagents

All chemicals used (except the chemicals mentioned below) were
purchased from Sigma-Aldrich (Munich, Germany). Tris and EGTA
were obtained from Fluka (Buchs, Switzerland), fluo-4 AM was
obtained from Molecular Probes (USA).

2.5. Statistical treatment of results

Each curve presented in the figures represents themean value of at
least 240 single RBCs of 6 different donors. The significance of
differences was tested by ANOVA according to Student's t-test.
Differences were considered significant if pb0.05.
3. Results

To seewhether thepresenceof glycerol (andmannitol) in themedium
has any influence on the Ca2+ content in the RBCs, experiments have been
performed in the HBSS as well as in the glycerol-containing medium. In
both solutions the change of the Ca2+ content was measured in the
absence or presence of 1 mM o-vanadate, an inhibitor of the Ca2+ pump,
over a time interval of 30 min. Fluo-4 has been used for qualitative
determinations of theCa2+ content. It shouldbenoticed that a timeperiod
of about 2–5 min was necessary to let the cells settle down to the cover
slip surface and to start the experiment. As shown in Fig.1 in the HBSS in
the absence ofo-vanadate thefluorescence intensity offluo-4, i.e. theCa2+

content, was very lowbut constant over 30min (curve 1). In the presence
of o-vanadate in the HBSS a continuous increase in the Ca2+ content was
observed. The Ca2+ content was significantly higher in the presence of o-
vanadate in comparison to the situationwhere the substancewas absent
(curve 3). The fluorescence intensity of fluo-4 in the presence of glycerol
was represented in curves 2 and 4. In the glycerol-containing solution in
the absence of o-vanadate an increase of the Ca2+ content could be seen
during the first 10min of the experiment (curve 2). The Ca2+ content was
higher than in the control (cp. curves 1 and2). Thepresence ofo-vanadate
in the glycerol-containing solutions resulted in continuous increase of
fluorescence intensity of fluo-4 as well as the control in HBSS when Ca2+

pump was inhibited (cp. curves 3 and 4).
After freeze–thawing of RBCs in the glycerol-containing solution

and the following removal of the cryoprotectant, the fluo-4 fluores-
cence intensities in the presence or absence of o-vanadate were
significantly higher in comparison with the corresponding fluores-
cence intensities in the HBSS and in the glycerol-containing solutions
without freezing the cells (cp. Figs. 2 and 3). After cryopreservation the
Ca2+ content was more or less constant over 30 min in the absence of
o-vanadate (Fig. 2, curve 1) but increased continuously in the presence
of o-vanadate (Fig. 2, curve 2) similarly as for unfrozen cells in HBSS
and glycerol-containing solution.

In Fig. 3 fluorescence microscopy images of RBCs incubated under
different conditions, as shown in Figs. 1 and 2, are presented. The
images were taken after the 30 min fluorescence intensity recordings.

4. Discussion

During freeze–thawing any cells are exposed to a number of stress
factors [9,10]. The transition from the liquid phase to the solid state is
coupled to processes of crystal formation [11] leading to an increase in
salt concentration in the supercooled liquid [12,13], an increase in
osmotic pressure [14], phase transitions and the lateral separation of
membrane lipids as well as dehydration of macromolecules [15,16].
The application of organic compounds for cryopreservation is required
to protect cells against the extreme events that accompany the freeze–



Fig. 3. Fluorescencemicroscopy images of RBCs in o-vanadate-containing and o-vanadate-free media. A and B: cells in HBSS in the absence (A) or presence (B) of o-vanadate, C and D:
cells in glycerol-containingmedium in the absence (C) or presence (D) of o-vanadate, E and F: cells in HBSS after cryopreservation and deglycerolization in the absence (E) or presence
(F) of o-vanadate. The concentration of o-vanadate was 10−3 M.
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thawing processes. Determining changes of the intracellular Ca2+

content in response to added cryoprotectants and physical and
chemical factors affected by freeze–thawing can be useful to under-
stand how cell stabilization is achieved.

The control experiment (HBSS without o-vanadate) clearly showed
that the intracellular Ca2+ contentwas constant over 30min, i.e. the Ca2+

pump is intact (Fig. 1, curve 1). The slight increase of the Ca2+ content in
the glycerol-containingmedium in the absence of o-vanadate, especially
at the beginning of the experiment (Fig. 1, curve 2), can be explained in
the following ways: (i) the Ca2+ pump was affected in this solution and
could not fully operate and/or (ii) an enhanced Ca2+ uptakewas induced
which could not be compensated by the pump. In any case, the curves
are significantly different. Since the addition of o-vanadate did not show
a significant difference of the data obtained in HBSS and glycerol-
containing solutions (Fig. 1, curves 3 and 4), it seems more likely that
glycerol in the absence of o-vanadate affected the Ca2+ pump (see
above).

Freeze–thawing RBCs with glycerol and subsequent deglyceroliza-
tion induced an increase in the fluorescence intensity (Fig. 2) in
comparison with control cells (Fig. 1) indicating a rise in intracellular
Ca2+ levels. This increase of the Са2+ levels in the cells could be again a
result of (i) a reduction of the Ca2+ pump activity and/or (ii) an
enhancement of the Ca2+ influx into the cells. However, it can be seen
from Fig. 2 (curve 1) that the Ca2+ pump is still active and not
completely blocked after cryopreservation. In addition, enhanced
phosphatase activity of the Ca2+-ATPase has been shown in saponin-
permeabilized RBCs after freeze–thawing and deglycerolization [4].
After freeze–thawing RBCs with glycerol and under the condition that
the Ca2+ pump was inhibited using o-vanadate, an increase of the
intracellular Ca2+ content was observed, which was comparable to the
increase under control conditions. Therefore, it is reasonable to
assume that during storage of the cells in the cold the membrane
function was compromised, which led to an uptake of Ca2+ that could
not be compensated by the Ca2+ pump. Since trace amounts of Ca2+ are
present during freeze–thawing (even when Ca2+ was not added to the
extracellular solution, see Introduction), the Ca2+ uptake might occur
during this process. During cryopreservation, i.e. at low temperature,
the Ca2+ pump activity is close to zero. At the time the fluorescence
intensity was measured it can be assumed that the Ca2+ pump was
again fully operating. The changes in the Ca2+ content in RBCs in the
glycerol-containing solution and after freeze–thawing were, however,
smaller than those reported to be necessary to cause cell damage. This
assumption is supported by the successful application of cryopre-
served RBCs for transfusion [17].

Summarizing the results, we demonstrated that glycerol had only a
small effect on the Ca2+ content of RBCs. Freeze–thawing RBCs with
glycerol and subsequent deglycerolization resulted in an increase of
the intracellular Ca2+ content that could be related to compromising
permeability properties of the plasmamembrane and/or change in the
Ca2+ pump activity under these conditions.
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