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ABSTRACT When human erythrocytes are osmotically stressed or chemically treated, they hemolyze on cooling below
10°C (called cold shock). We have studied the effects of osmotic stress and cooling on the state of membrane by the
spin-probe method and freeze-fracture electron microscopy. At room temperature, the membrane fluidity detected by
12-doxyl stearate spin probe showed a steady decrease with osmolality in hypertonic NaCl solutions up to 900
mOsm/kg, above which it remained unchanged. In hypertonic sucrose solutions, the electron paramagnetic resonance

spectra showed an additional pair of absorptions, indicating development of regions, in the membrane, further
immobilized than in NaCl solutions. Mobility of a cholesterol analogue probe, androstane, did not show change by
hypertonicity, but the spectral intensity dropped at 1,200 mOsm/kg, probably due to formation of loose aggregates in
the cholesterol phase. On cooling the osmotically stressed cells in NaCl solution, the isotropic rotational correlation time
vs. inverse temperature plot of 12-doxyl stearate probe exhibited a step-wise discontinuity at °OOC, suggestive of a

drastic transition in the state of the membrane. At about the same temperature, the freeze-fracture pattern of
osmotically stressed cells revealed the development of large wrinkles and aggregation of membrane particles, in contrast
to the case of the cells in isotonicity. Significance of these findings in understanding cold shock hemolysis is discussed.

INTRODUCTION

Cold shock is generally defined as injury to cells occurring
during rapid cooling. It has been reported to occur in
diverse group of cells, such as some species of plant cells,
spermatozoa, bacteria, embryos, granulocytes, and eryth-
rocytes (1, 2). In erythrocytes, cold shock is observed under
two circumstances. In the first, cells suspended in hyper-
tonic solutions are hemolyzed when the cells are cooled
(3, 4). The second type of cold shock is observed when cells
pretreated with a toxin of microorganisms are cooled in an
isotonic medium (5).

Although many investigators have studied this phenom-
enon, the molecular mechanism of cold shock remains
unclear. Lovelock, who discovered hemolysis in hyperos-
motically stressed human erythrocytes, speculated that it
results from partial release of phospholipid and cholesterol
from the membrane during osmotic stress (3, 4). However,
subsequent reports (6, 7) disputed the correlation. Also,
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several authors surmised involvement of the spectrin-actin
system in cold shock hemolysis (8-10).

Previously, we have suggested that it is crucial for the
cell to decrease in volume to a certain level to become
susceptible to cold shock, and have located the onset of
hemolysis at -10°C (11). In a continuing effort, in the
present study we have investigated cold shock hemolysis
from the viewpoint of thermotropic structural transition in
cell membranes using the electron paramagnetic resonance
(EPR) spin probe technique and freeze-fracture electron
microscopy. Nunes, who has recently reported on the effect
of osmolality (300-3,000 mOsm/kg) on membrane fluid-
ity at room temperature by using a similar spin probe
technique, did not detect any change in membrane fluidity
throughout the range ( 12).

However, we will show that EPR parameters do change
as a function of osmolality at room temperature, and also
that when the temperature is lowered below 10°C, the
rotational correlation time of a spin probe shows a disconti-
nuity, which is suggestive of a transition in the state of cell
membrane undergoing cold shock. At about the same
temperature, marked wrinkles are observed in the freeze-
fractured inner surface of the membrane. The observations
provide strong evidence for a major structural rearrange-
ment involving the membrane cytoskeletal system in os-
motically stressed erythrocytes.
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MATERIALS AND METHODS

Preparation of Erythrocyte Suspensions
Whole human blood was collected in full units with citrate phosphate
dextrose anticoagulant. Platelet-rich plasma was removed within 2 h after
collection by centrifugation at 2,600 g for 3.25 min. Packed erythrocytes
were washed three times with isotonic phosphate-buffered saline (PBS,
150 mM NaCl, 6.7 mM KH2PO4-Na2HPO4 buffer, pH 7.4) before use.
Hypertonic solutions were made by adding NaCl or sucrose to the isotonic
PBS. The osmolality was measured on a freezing-point osmometer.

Measurements of Cold Shock Hemolysis
Ten ,l of packed cells were suspended in 2 ml of hypertonic solution in
13 x 100 mm glass test tubes at the selected starting temperature. After
incubation in a temperature controlled bath, the cells were cooled by
immersing the test tubes in ice water. The cooling rate was -600/min
between 15 and 0°C. The temperature was measured with a digital
thermometer. The extent of hemolysis was determined by measuring
hemoglobin release into the suspending solution. Undamaged cells were
removed by centrifugation at 1,000 g for 5 min. The supernatant was
diluted with Drabkin's solution (Fisher Scientific Co., Pittsburgh, PA),
and the optical absorbance of cyanomethemoglobin was measured at 540
nm. Complete hemolysis was determined with 10 ,l of red cells hypotoni-
cally lysed in 2 ml of dilute Drabkin's solution. The hemolysis was also
measured by means of light scattering at 590 nm as described before (11).
The device was attached to a cryomicroscope so that the onset and the
amount of hemolysis could be measured simultaneously (cooling rate:
90C/min).

Incorporation of Spin Probes
Spin probes, 5-, 12-, and 16-doxyl stearic acid and androstane were
purchased from Syva Corp. (Palo Alto, CA). Packed erythrocytes
(hematocrit 90-92%) were incubated in a flask coated inside with a thin
film of a spin probe for 10 min at 370C. The hematocrit was adjusted to
35% for EPR measurements by adding an appropriate amount of various
hypertonic PBS solutions. The final concentration of spin probe in
suspension was -6.5 x 10-' M, at which level no morphological change
or hemolysis was observed.

EPR Measurements
EPR measurements were made in silicone-coated 50 Ail capillary tubes on
an X-band EPR spectrometer (model CE109; Varian Associates Inc.,
Palo Alto, CA). The amplitude of 100 KHz field modulation was set at 2
Gs, and the microwave power was kept at 40 mM, at which level no
saturation effect was detected. The capillary containing the sample was
surrounded by a single-jacketed quartz dewar insert, through which dry
nitrogen gas of constant temperature (24 ± 0.050C) was passed at a rate
of 6 liters/min.

Freeze-fracture Electron Microscopy
Erythrocytes suspended in isotonic (300 mOsm/kg) or hypertonic (1,800
mOsm/kg) NaCl were placed in a standard 24K gold complementary
freeze-fracture holder held at 240C. The loaded specimen holder was then
placed in a petri-dish that was immersed in an ice-water bath. When the
holder temperature reached 100 or 0°C, the holder was plunged into
Freon-22 that had been cooled at -1200C. These holders were then
transferred to a Denton DV-502 freeze-fracture apparatus (14), and
fractured at -1500C. Without etching, samples were shadowed with
platinum followed by carbon-coating. Replicas were examined under a
JEM 1OOB Transmission electron microscope. Since original electron
micrographs have black shadows, they are considered positive. Contact
negatives of the original were made on Kodak medium contrast projector
slide plates. These negatives were then used to make final prints with
black shadow as observed in nature.

Cold Shock Hemolysis as a Function of
Cooling Temperature and the Effect of
High Osmolality

Intact cells, or the cells incorporated with 12-doxyl stearic
acid, were suspended in 1,800 mOsm/kg NaCl solutions at
300 for 5 min, and then cooled to -50 at the rate of
9°C/min. Hemolysis during cooling was monitored by
light scattering. Hemolysis began when the temperature
dropped below -100, increased as the temperature went
lower, and was complete at - 50C. There was no significant
difference in the amount of hemolysis and the onset
temperature of hemolysis between the cells with and
without spin probes (Fig. 1).

Fig. 1 (inset) shows the effect of osmolality on cold
shock hemolysis in the cells with and without spin probes.
The cells were suspended in NaCl or sucrose solutions of
various concentrations for 5 min at 240, followed by cooling
down to 00 in an ice bath at the rate of 60°C/min, and the
degree of hemolysis was measured by hemoglobin quanti-
tation. In NaCl solutions, hemolysis started when the
osmolality exceeded 1,400 mOsm/kg, reached a maximum
at 1,800 mOsm/kg, and then started decreasing above
2,200 mOsm/kg.

In hypertonic sucrose solutions, the onset of cold shock is
seen at 1,200 mOsm/kg, but the maximum was reached at
the same osmolality as in NaCl solutions. Again, there was
no obvious difference either in the amount or the onset
temperature of hemolysis between the intact cells and
those in which the probes have been incorporated.

Cell Volume Change in Hypertonic NaCl
Solutions

The cell volume in hypertonic solutions was determined by
the standard hematocrit method. In hypertonic NaCl
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FIGURE 1 Cold shock hemolysis as a function of temperature during
cooling measured as the increase in absorbance. (a) intact cells, (b) cells
incorporated with a 1 2-doxyl stearate probe. Inset: cold shock hemolysis
vs. osmolality (0, 0) in NaCl solutions, (&, A) in sucrose solutions. Open
symbols show intact cells and closed symbols are for cells with 12-doxyl
stearate probe.
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solutions, the cell volume decreased steadily with increas-
ing osmolality up to 900 mOsm/kg, at which point the
volumme became -60% of the original cell volume in 300
mOsm/kg NaCl solution (Fig. 2). The shrinking continued
with a somewhat slower rate up to 1,400 mOsm/kg, and
then the volume apparently started increasing above 1,400
mOsm/kg. The packing volumes in osmotically stressed
cells have been measured in this laboratory using the
'311-albumin method (15), and is known to show little
change by hyperosmolality up to 1,200 mOsm/kg. Also, no
cell-cell aggregation was detected in this condition under
an optical microscope. Therefore, the apparent increase in
volume most likely reflects a change in membrane perme-
ability under centrifugal shear. The coincidence of the
start of cold shock hemolysis and of the apparent cell
volume increase both occurring at -1,400 mOsm/kg is
noteworthy.

Freeze-fracture Electron Microscopy
The condition of the hydrophobic interior of the membrane
undergoing cold shock hemolysis was observed by freeze-
fracture electron microscopy. Fig. 3 shows the appropriate
features of the cell membrane treated at 240, 10°, and 0°C
in isotonic (plate A) or hypertonic (plates B-F) NaCl
solutions. No change in the surface condition was observed
in cells suspended in isotonic solutions even at 00, whereas
several marked wrinkles were clearly visible in osmotically
stressed cells at 100 (plate E) and more clearly at 0°C
(plate F). Under a larger magnification, the membrane
particles appeared somewhat more aggregated, creating
high density regions in hypertonic solutions (plates C and
D) but not in isotonic condition (plate A).

Effect of Osmolality on Membrane Fluidity
Changes of cell membrane fluidity at varying osmolalities
were measured at 240C, using spin probes. The separation
between the outer hyperfine extrema, 2AI was used as an
indicator of the membrane fluidity, and its change with
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FIGURE 2 Cell volume change in hypertonic NaCl solutions. Relative
volume indicates the ratio of hematocrit in isotonic PBS to that in NaCl
solutions. 7r is osmolality. Each symbol and bar show the mean value ±SD
(n 6).

osmolality is shown in Fig. 4 A. No spectral change was
observed by increasing osmolality when observed with
5-doxyl stearic acid, which probes near the polar surface of
the bilayer. However, a steady increase in 2A1 was seen up
to 900 mOsm/kg when 12-doxyl and 16-doxyl stearate
probes were used, which probe more toward the hydro-
phobic middle region of the bilayer. The fluidity change
shows a break point near the osmolality, where the cell
volume also reached 60%, suggesting a close connection
between the fluidity decrease and the decrease in the cell
volume due to hypertonic stress.

In EPR spectra of the cells incorporated with a probe of
the cholesterol analog androstane, the overall spectral
intensity showed a sharp decrease over the range of
1,200-1,500 mOsm/kg, as the salt concentration was
increased at room temperature, with virtually no other
change in spectral shape (Fig. 4 B). The intensity was
estimated by the peak-to-trough height of the middle EPR
line, since no systematic change in peak height ratios was
detected. The cause of this partial loss of intensity is not
completely clear (see Discussion).

In hypertonic sucrose solutions, 1 2-doxyl stearate
showed a different feature in EPR spectra: as the sucrose
concentration was increased, a new pair of absorptions
emerged as shoulders on the outside of the original hyper-
fine extrema (Fig. 5). Due to the overlapping, precise
determination of peak positions was not attempted in this
case.

Effect of Cooling on Membrane Fluidity
The temperature dependence of membrane fluidity was
measured in cell suspensions in isotonic and in 1,800
mOsm/kg NaCl solutions using the 12-doxyl stearic acid
probe. The relation between 2A11 and the temperature is
presented as an Arrhenius-like plot of the rotational corre-
lation time r of the spin probe as shown in Fig. 6. The r
values were estimated from 2A11 values using the equation
that is approximately applicable to the present case (16),
where, judging from the spectral shape, the rotational
motion of the probe is in the intermediate region.

r = 8.52 x 10-10 (1 - s)-1.16
where s = Aii/A, and A, is the single crystal All values,
whch is assumed to be 33.6 gs (17).
The plot for the control suspension shows two straight

lines with a break at 100, while that of the hypertonic
suspension exhibits a clear discontinuity in r 1 0°C.

DISCUSSION

There are at least four critical factors for inducing cold
shock hemolysis: (a) the osmolality of the suspending
medium, (b) cooling the suspension below 10°C, (c) incu-
bation period and temperature in hypertonic suspension
before cooling, and (d) the cooling rate (1 1). In the present
article, the effects of the first two factors were studied by
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FIGURE 3 Freeze-fracture electron microscopy patterns. P faces of cells in isotonic solutions and of osmotically stressed cells at 24, 10, and
0°C Plate A: in isotonic PBS at 0OC; Plates B-F: in hypertonic NaCl solution (1,800 mOsm/kg). B at 240, C and E at 100, D and Fat 0GC.
Magnification: A-D x 55,000, E x 20,000, F x 29,000. The bars indicate 0.5 Atm.
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FIGURE 4 (A) Effect of osmolality on 2A1 of stearate probes in
erythrocyte membrane suspended in NaCI solutions. (A) 5-doxyl, (0)
12-doxyl, (El) 16-doxyl stearate. (B) Peak-to-trough height of middle
EPR line of androstane probe vs. osmolality. Results of two independent
runs. Temperature was held constant at 240C.

the spin probe EPR and freeze-fracture electron micros-
copy.
The spin probes, 5-, 12-, and 16-doxyl stearic acid, are

used to probe localized areas in the membrane -3, 10, 14
carbon-carbon bond lengths, respectively, from the polar
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FIGURE 5 Appearance of strongly immobilized EPR components of

1 2-doxyl stearate in cells suspended in sucrose solutions. Only the outer

hyperfine extrema are shown. The bars indicate the original peak

positions in PBS.
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FIGURE 6 Rotational correlation time (r) of 1 2-doxyl stearate vs. 1 / T.
(0): in isotonic PBS, (0): in 1,800 mOsm/kg NaCl solution.

carboxylate group that is anchored at the membrane
surface. The androstane probe, on the other hand, is
considered useful for mimicking the motion of cholesterol
in the membrane. In view of the absence of any significant
difference in the cold shock characteristics due to the
presence of spin probes (Fig. 1), the information obtained
by the EPR method may be assumed to be valid for the
actual events occurring in the cell.

Since both hypertonic NaCl and sucrose solutions
induce cold shock hemolysis, the elevated osmolality, as

opposed to the electrolyte concentration, plays an impor-
tant role in inducing cold shock. While the end result is the
same in the two solutions, they also display several note-
worthy differences: during prolonged exposure to hyper-
tonic NaCl solution, the extent of subsequent cold shock
hemolysis is reduced, whereas the prolonged exposure to
sucrose increases hemolysis (1 1). There is also a significant
difference in EPR spectra in cells exposed to the two
solutions (Fig. 5), indicating that sucrose solutions induce
the strongly immobilized, along with the less immobilized
regions in the membrane. This may be related to the
observed onset of hemolysis at a lower osmolality, 1,200
mOsm/kg, compared with 1,400 mOsm/kg in NaCl solu-
tion.

In the previous report, we have emphasized the impor-
tance of partial loss in cell volume as a sensitizing process

for hemolysis (11). The results presented here show that
the membrane fluidity in the inner region of the bilayer
decreased as the suspension osmolality was increased up to
900 mOsm/kg, above which level no further change was

detected by stearic acid spin probes. During this process,

the cell volume decreased to -60% of the original size.
That there is some further change in the membrane state
around 1,200 mOsm/kg was demonstrated by the andro-
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stane probe by sudden decrease in the spectral intensity.
The most plausible explanation of the partial loss in
intensity is that androstane, and possibly also cholesterols,
in the membrane form loose aggregations, and that the
spectral lines are suppressed due to dipolar broadening.
Extrusion of the probe from the cell into the extracellular
medium to form vesicles can be excluded, but release of the
probe into the inside of the cell to be eventually reduced by
cytosolic components (18) cannot be completely ruled out.
The second determinant of cold shock, cooling below

10°C, was studied using 12-doxyl stearate in the cells
suspended in 1,800 mOsm/kg NaCl solution. The Arrhe-
nius-like plot of the rotational correlation time for the
control consists of two lines with a slight break at around
10°C, which is not associated with cold shock (Fig. 6). In
contrast, the plot in the hypertonic state showed a stepwise
shift around the same temperature, as if there is some type
of a phase transition. Although details of the underlying
mechanism of the abrupt change are not completely under-
stood, it seems evident that some drastic change in the
probe motion has occurred around this temperature. The
straightforward interpretation of the regression lines may
be that at temperatures above this critical change, the
slope of the line is greater in the osmotically stressed
system than in the control, implying that the activation
energy of the probe motion is higher under the osmotic
stress than in the control. The shift of the line around the
critical point would indicate that the same degree of probe
motions that existed before the event can be sustained by a
lower temperature after the change has taken place in the
membrane. Below the critical temperature, the relation
between the stressed system and the control, with regard to
the activation energy, is reversed, implying partial relief of
the stress in the cells in hypertonic solution.

While the above explanation of the state of the probe
motion should be based rigorously on results of spectral
simulation, it is supported by the observations obtained by
freeze-fracture electron microscopy that presented intra-
membranous morphological change as a function of cool-
ing (Fig. 3). In addition to the appearance of aggregation
of membrane particles in osmotically stressed cells at
- 10°C, there emerged clearly visible wrinkles covering the
whole inner boundary surface, an expression of strain in
the membrane. The wrinkles appeared to grow into bumps
as the temperature was lowered to 0°C. Judging from the
size, it is unlikely that the wrinkles reflect the ice crystal
formation inside the cell.
Under an optical microscope, the morphological change

at -10C in hypertonic solution was observed as a rapid
transition from flattened discoid shapes to spherocytes
(19). Such drastic change of cell shape and wrinkling in
inner layer surface suggest alteration of the connection
between the cytoskeletal network and the membrane
bilayer (20). It must be noted that these morphological
changes observed at 10°C are the features existing before,

and not the results of, hemolysis, which at this temperature
is barely starting. Also, aggregations of membrane par-
ticles in ghosts under various conditions are well-
documented (21), but aggregations before hemolysis, as
observed here, are rather uncommon.
The meaning of the inflection points, observed in various

physico-chemical measurements of the membrane proper-
ties as a function of temperature, in terms of the actual
change in the membrane state or structure have been the
subject of numerous studies (22-32). Use of different
probes and techniques yielded assignments of somewhat
different temperatures for such thermotropically induced
transitions, and the exact nature of them is variously
interpreted, but it is generally agreed now that the inflec-
tions observed in the medium temperature range approxi-
mately between 130 and 200C are real, and reflect a
discrete change of fluidity in membrane bilayer including
the lipid-protein boundary.
On the other hand, the inflections observed, in the

present work, in the 2AI1-osmolality curves (Fig. 4 A) are
interpreted not to represent such a transition, but implies a
steady increase in order in the membrane due to the
osmotic stress up to a certain limit imposed by the mem-
brane structure. This, then, is followed by what appears to
be a transition occurring as the osmolality is further
increased, which indicates the creation of domains having,
respectively, a higher and a lower cholesterol population
(Fig. 4 B). The low cholesterol domains can, in principle,
be more susceptible to a thermotropic phase transition as
shown by the x-ray diffraction studies of extracted mem-
brane lipids (33). Clearly, the nature of these osmotically
induced consequences should be different from those
affected by only temperature change described in the past
as phase transitions (e.g., 27, 29, 30), because merely
lowering the temperature does not lead to a hemolysis. The
existence, in erythrocyte ghosts, of cholesterol clusters as
well as the low cholesterol domains near the protein
boundary has been suggested before (34, 35). The severe
dehydration resulting in an increased packing density of
membrane lipids may be a cause of the even greater
difference in cholesterol populations.
When such osmotically strained cells are subjected to a

further stress by lowering the temperature, some alteration
is apparent in the relation between the bilayer and the
cytoskeletal system at -10°C, as shown by an increased
clustering of membrane particles and appearance of wrin-
kles. This interpretation is consistent with a recent finding
by Minetti et al. (30-32) in their study of chymotrypsin
digested membrane by the spin label method that the
thermotropic transition at -80C requires the presence of
the membrane proteins exposed to the cytoplasmic side,
and that the transition represents a gel-liquid phase transi-
tion (30). Also, the increased particle clustering, reducing
the lipid-protein boundary area, may lead to an overall
instability of the membrane system. All these changes
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would prepare for the hemolysis that follows. The actual
site of lesion, however, could not be definitely determined
in this work, since only a few slits in the membrane,
transiently opened (36), may be sufficient to cause a
hemolysis. The low cholesterol region bounded by clusters
of membrane particles, undergoing a transition at the
critical temperature, may be a probable candidate for the
site of lesion.

In summary, we have presented here experimental evi-
dence for the stress in the erythrocyte membrane created
by hyperosmolality. The membrane thus stressed seems to
undergo a drastic reorganization at -10°C. The appear-
ance of wrinkles and budding in membranes in that
temperature range supports the view that the reorganiza-
tion in the state of the membrane system including the
cytoskeleton may play a key role in the phenomenon of cold
shock hemolysis.
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