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Red blood cell deformability has been studied by the initial filtration flow rate as a function of temperature.
The well-known transition at 49-50°C (probably due to spectrin denaturation) is shown. Another transition is
demonstrated around 18°C (the cell becomes stiffer below this temperature range). The erythrocyte
membranes prepared by a mild dialysis technique have the same deformability as intact erythrocytes at room
temperature; they also show the same low-temperature transition. No such transition has been found for
hemoglobin solutions of viscosity 30 g+ dl 1. It is interesting to compare these results with those obtained by
other methods which measure the properties of natural or artificial lipid membranes and which also
demonstrate a thermal transition at 15-20°C, Therefore, the deformability of intact normal erythrocytes

seems to depend mainly on the rheological properties of the membrane.

Introduction

Above 49-50°C, many biophysical and bio-
chemical properties of the erythrocyte change. The
cell rheology also shows a sudden transition at this
temperature, above which cell fragmentation oc-
curs [1,2). Many authors have demonstrated a
dramatic reduction of the erythrocyte deformabil-
ity in the 49-50°C range [3-7]. This phenomenon
has been used to alter the erythrocytes in order to
trap them in the spleen for isotope scanning [8].

A low-temperature (15-20°C) transition of nat-
ural or artificial membranes has been described by
some authors [9-20]. These results are still con-
troversial [21-25]. No low-temperature transition
of the erythrocyte deformability has yet been de-
scribed. Therefore, we wish to present a deforma-
bility study in the 4-50°C temperature range,
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made on intact erythrocytes and on their ghosts.

In this study, the deformability is defined as the
ability of the erythrocyte to filter through the
narrow 5 um pores of a Nuclepore membrane. The
relation between filterability and deformability has
already been discussed [26-29]. Some filtration
results, however, have been obscured by secondary
phenomena (erythrocyte settling and aggregation,
filter clogging by aggregates and white blood cells,
etc.). We have used a novel method which is
independent of these factors (as a first order of
approximation) so that, as will be discussed, the
results are relevant only to the rheological proper-
ties of the individual erythrocytes.

Experimental

Filtration measurements

The filtration measurements were made with
the initial flow rate method as described elsewhere
[30].
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The apparatus, called Hemorheometer (availa-
ble from IMH, 2 Allée du jardin de la Cure, 95470
St. Witz, France) has been modified in order to
perform temperature-controlled measurements
(Fig. 1). An upper plastic block is composed of a
central capillary (vertical glass tubing, 6 cm long,
2.5 mm diameter), surrounded by water circulating
from a thermostat. The capillary is terminated by
a conical section under which is situated the
Nuclepore membrane (diameter 13 mm; pore di-
ameter 5 pm). A miniature thermocouple is set on
the conical section so as to measure the liquid
temTrature, Jjust above the membrane,

The central capillary can be filled by either a
erythr\bcyte suspension or the suspending medium
(buffer&. Two level detectors situated at- the top
part of the capillary and separated from each
other by 9 mm, can actuate then stop an electronic
chronometer when the meniscus of the liquid passes
in front of them during the filtration procedure.
The time lapse thus measured is proportional to
the flow rate and therefore to the global fluidity of
the liquid being filtered. When this liquid is the
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Fig. 1. Schematic drawing of the filtration head of the ‘Hemo-
rheometer’ modified for temperature control.

suspension, the time lapse will be called ¢,; for the
buffer, it will be called #,. A lower plastic block
holds the membrane, under which a positive pres-
sure of about 10 cm H,O can be applied, thus
preventing the hydrostatic pressure flow. By sud-
denly releasing this overpressure (by means of a
three-way cock), the filtration starting time is thus
precisely known. A simple pumping and metering
device gives this positive pressure.

The total volume of the glass tubing is about 1
ml; the volume giving the measured time lapse is
about 50 pl. Therefore, the time lapse is propor-
tional to the initial flow rate, as a first order of
approximation. In this work, we will express our
results as a rigidity index, IR, defined as follows:

_’s_tb 100
t, H

IR

where H is the haematocrit. High IR values indi-
cate low erythrocyte deformability.

We have compared the suspension temperature
given by the miniature thermocouple to the cir-
culating water temperature. In these measure-
ments, about 5 min was allowed for thermal equi-
libration (temperatures increasing from 4°C to
50°C). We have found that the two readings were
similar (the maximum deviation is about 2% for
the high-temperature range and negligible for the
low-temperature range). As this temperature corre-
lation is satisfactory, in the subsequent experi-
ments only the circulation water temperature was
taken into account (increasing values, 5 min equi-
libration at each temperature). The temperature
stability is +0.1°C.

In order to evaluate any membrane thermal
dilatation artefact, the viscosity of distilled water
was determined as a function of temperature and
compared to the values obtained by classical meth-
ods (see Table F-51 in Ref. 31). The results are
shown in Fig. 2 (in order to obtain the experimen-
tal viscosity values, the membrane is calibrated
with water at 25°C). As the experimental points
coincide with the theoretical values, we conclude
that the pore geometry changes due to thermal
variations are negligible.

As previously shown [30,32], the rigidity index
is independent of the haematocrit, in the 0-10%
range. This result indicates that, as defined above,
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Fig. 2. Viscosity of distilled water at different temperatures
measured (O0) with the Hemorheometer (the calibration is done
at 25°C). Correlation with the values (@) deduced from empiri-
cal law [31].

IR is a parameter which depends only on the
average individual erythrocyte deformability prop-
erty and not on the cells’ interactions. This conclu-
sion has been developed elsewhere [33]. Further-
more, we have shown that, from this index and
two hematocrit determinations, a significant aver-
age transit time through one pore could be de-
duced (Koutsouris, D., Hanss, M. and Skalak, R.,
unpublished data).

Preparation of erythrocyte suspensions

The erythrocyte suspension is prepared without
any washing of erythrocytes, according to the pre-
viously described technique which gives low white
blood cell counts [30]. The usual [30] isotonic
suspending medium (buffer 1) is a Tris-HCI buffer
(pH = 7.4) with added NaCl, KCl, CaCl, and
glucose at physiological levels and a slight amount
of human serum albumin (0.5 g/1; Sigma No.
A-2386 Albumin, Human Fraction V). The buffer
is always prefiltered through a 0.45 pm Millipore
membrane before any preparation of suspension.
The suspension haematocrit is about 8%; its exact
value is measured by a conductimetric method [34]
as the microcentrifuge technique has very poor
precision at such low values, and as the indirect
methods through the mean cell volume measure-
ments may be unreliable, for they depend on the
deformability [35].

463

Preparation of ghost suspension

Usually erythrocyte ghosts are prepared accord-
ing to the method of Dodge et al. [60]. However, a
milder technique, similar to the one described by
Usami and Chien [36], has been used for this
work, as we wanted intact ghosts, with as few
membrane fragments as possible.

The blood samples are collected from normal
volunteers in ‘Venoject’ tubes (anticoagulant:
heparin) and used in the following 1 h. Two 10 ml
tubes are filled with the blood and centrifuged (10
min; 600 X g). The middle part (1.5 ml) of each
packed cells column is collected and 6 ml of 50%
haematocrit erythrocyte suspension (in buffer 1)
are prepared. This suspension is put into a cel-
lophane dialysis tubing and a 3h dialysis at room
temperature against 200 ml of a hypotonic (30
mosM) buffer 1 (deécreased NaCl concentration) is
performed. Afterwards, the suspension is centri-
fuged (conical 10 ml tubes; volume adjustments
with hypotonic buffer 1; 4°C, 20 min; 10000 X g).
After the centrifugation, the supernatant is
eliminated and replaced by isotonic buffer 1 and
another similar centrifugation is performed (after
resuspending the membranes). At the end of this
second centrifugation, the supernatant is collected
and discarded; 0.4 ml of membranes is very slowly
(1 min) aspirated in a 1 ml syringe and diluted in
buffer 1 in order to obtain a final 8% volume
concentration ghost suspension. Exceptionally,
some ghost preparations have been washed up to
five times.

Preparation of hemoglobin solution

Outdated blood-bank samples are washed twice
with NaCl 2 M (600 X g centrifugation); the super-
natant is thrown away and the cells are broken
through three or four freezing and thawing proce-
dures (using liquid nitrogen); a known quantity of
pure NaCl is added so as to obtain a 2 M final
concentration. The resulting solution is stirred for
2 h in the cold (4°C). A 1700 X g centrifugation is
then performed (at 4°C) for 40 min. The super-
natant is collected and vacuum-concentrated, then
dialyzed against a 0.15 M KCl solution. This al-
lows the preparation of pure hemoglobin solutions
at a concentration of about 31.5 g/dl, as con-
trolled through spectrophotometric measurements.
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Viscosity measurements

An automated Ubbelohde capillary viscometer
is used (Viscomatic MS, FICA HS830) at different
temperatures between 10 and 35°C. Though the
viscosity of hemoglobin solutions becomes highly
concentration-dependent above about 30 g-dl ™’
[37,38], the viscosity has been measured at a single
concentration, ¢ = 29.6 g/dl, which is very near
the value inside the normal erythrocyte [29]. At
each temperature, the viscosity of a given solution
is obtained by averaging ten flow measurements
for the hemoglobin (Hb) solution and for the KCl
solution. The density correction at each tempera-
ture is made by means of a Sovec Inc., 02D
densimeter. The viscometer is calibrated with a
0.14 M Kl solution for the different tempera-
tures. The results are given as a relative viscosity,
N = Tus/Mker» and a reduced viscosity, 1,4 =
(1,0 — 1)/¢, where ny, and 1y, are, respectively,
the viscosity for the hemoglobin and KCl solutions
at a given temperature.

Expression of results

The suspension to be measured (erythrocyte or
ghost) is prepared and controled as described
above. The filtration apparatus is fitted with the
membranes and set at the lowest temperature (4°C;
15 min equilibrium). The buffer and the suspen-
sion are put into the thermostat bath for tempera-
ture equilibration for S min before each different
temperature setting. Permanent gentle shaking
prevents erythrocyte sedimentation during this
period.

The membrane is calibrated by measuring #,;
then, without changing nor moving the filter, the
suspension filtration rate is determined. In our
apparatus, ¢, is about 0.5 s and ¢, about 0.8 s for
normal erythrocytes at 8% hematocrit and 25°C.
The reproducibility is +1% for the time-lapse
measurements and +3% for IR on a given blood
sample or suspension.

We will use in this work the variations of IR
relative to a standard value:

aR(%) - RizIRo
( )_ IRO

where IR, is the IR value measured at temperature

T, and IR is the value measured at the standard

t=25°C value. If the erythrocyte rheological
properties had the same temperature coefficient as
the buffer’s (mainly the water viscosity), IR would
be essentially temperature-independent (as the
ratio would be constant); therefore AIR(%) would
be equal to zero at any temperature.

The use of a differential index, such as AIR,
amplifies all the variations of the rheological prop-
erties. However, it can be applied only when the
accuracy of the measurements is high enough, such
as obtained with the Hemorheometer’.

Results

As the measurements at different temperatures
are time-consuming, we have found it impossible
to make filtration determinations at numerous
temperatures over the whole 4-50°C range. There-
fore, we have concentrated the measurements on a
given sub-range for a given sample. The results for
the erythrocytes are shown on Table I and sum-
marized in Fig. 3. A sharp transition above 49°C
is demonstrated. Another transition, less im-
portant but significant, is also observed between
15°C and 20°C.

In order to compare the erythrocytes and their
membrane deformability, we have prepared the
ghosts with a mild dialysis so that they were
essentially intact. This has been verified by com-
paring the volume distribution curves obtained for

AR )
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Fig. 3. Rigidity index variations (relative to the 25°C value) for
erythrocytes (@) and ghosts (O). Each point is the average of
all the measurements made at the temperature shown (see
Table I); the standard deviation of each measurement is given
by an error bar.
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Fig. 4. Distribution curves of the erythrocyte (@ — —®) and
of the ghost (O O) volumes, as measured with a Coulter
counter.
TABLE II

GHOST RIGIDITY INDEX (FOR TWO DIFFERENT

Ar}red (%)
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Fig. 5. Variation of the relative reduced viscosity as a function
of temperature for a 30 g-dl~! hemoglobin solution (same
scale as in Fig. 3).

TABLE IV

VISCOSITY OF A 30 g-dl~! HEMOGLOBIN SOLUTION
AS A FUNCTION OF TEMPERATURE

See text for the definitions of 1,4, Meq and 47,4.

SAMPLES) AS A FUNCTION OF THE NUMBER OF e - o 2na(®)
WASHINGS 10 7.49 0219 177

——— . y : 15 6.98 0.209 +8.1
Number o 3 17 671 0.196 +5.4
washings: 20 6.68 0.192 +32
Sample 1 99 97 114 115 125 25 6.49 0.186 0
Sample 2 102 105 108 121 128 37 5.88 0.164 +11.8
TABLE III

RIGIDITY INDEX OF GHOSTS PREPARED WITH A MILD DIALYSIS TECHNIQUE AS A FUNCTION OF TEMPERA-

TURE

Same definitions as for Table 1.

1(°C) Number 1 : 2 3 IR AIR (%)
6 14.2 16.5 154 50.0
(55.3) (44.7)
15 13.6 15.4 14.5 40.9
(48.6) (33.1)
18 9.9 11.9 10.9 6.2
(8) 4.4
25 9.2 114 114 10.7 0
©) ()] (Y]
37 8.1 10.7 9.4 —-8.6
(-11.1) (6.1)
45 10.5 10.5 =79
50 22
(—92.1) 0
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RIGIDITY INDEX OF THE INTACT ERYTHROCYTES AND THEIR MEMBRANES ON SEVEN DIFFERENT NORMAL
DONOR BLOOD SAMPLES (MEASUREMENTS MADE AT 25°C)

Number

1 2 3 4 5 6 7 IR+S.D.
Erythrocytes 9.7 10.2 10.8 9.9 9.9 10.3 10.3 10.240.36
Ghosts 9.2 11.0 113 10.7 12.5 10.7 11.4 11.0+1.0

a given erythrocyte suspension to the one obtained
with the membrane suspension. Fig. 4 shows that
they are very similar (the volumes are measured
with a Coulter counter model Z.B.1. with the C1000
attachment).

In a preliminary study, we have shown that the
ghost rigidity index increased regularly with the
number of washings (Table II). The origin of this
phenomenon is not clear; a similar result has been
observed for the erythrocytes [30]. Therefore, the
studies on the temperature variation of the IR of
ghosts have been performed on suspensions washed
only twice. This experiment has been done on
three different samples. The results are shown in
Table III and summarized in Fig. 3.

Table IV gives the values of the 1, and 7,4 of
the hemoglobin solution at different temperatures.
Fig. 5 shows the relative (to 25°C) temperature
variations of 1,.4. A significant increase in 7,4 is
demonstrated when the temperature is lowered.
This could be explained by increased interactions
between the protein molecules. No transition ap-
pears between 10 and 25°C.

Discussion

The erythrocyte deformability is governed by
three main determinants: excess membrane area,
intracellular viscosity and membrane viscoelastic-
ity [29]. Their relative importance is usually not
well known for normal erythrocytes. In particular,
they depend on the measurement techniques, static
methods being essentially sensitive to the mem-
brane elastic moduli and dynamic methods being
sensitive in a variable manner to the membrane
and cell content viscosity.

As measured by the initial filtration flow rate
method, the erythrocyte filterability is an intrinsic
cellular rheological property which can be used as

a deformability measurement. The results demon-
strate that, on normal cells, this deformability is
mainly governed by the rheological membrane
properties. Indeed, when a mild hemolysis tech-
nique is used in order to obtain intact ghosts, IR is
very similar for the ghosts and the original cells
(Table V). Moreover, the ghost rigidity index
increases with the number of washings, as is also
found when measuring the erythrocyte rigidity,
either after washing procedures, or after a long
incubation in the buffer [30]. The temperature
variations of IR for the ghosts and the erythro-
cytes (Fig. 3) are also very similar, which is another
argument for a membrane origin of the erythro-
cyte deformability.

The 49-50°C transition is well known [1-7]
and has been correlated with the spectrin thermal
denaturation profile [7,39-41}. We cannot say yet
whether the difference in the profiles for the
erythrocytes and the ghosts is significant; if this
were the case, it could give some insight on the
interactions between the membrane interface and
the intracellular content. ‘

Our main finding is the rigidity transition in the
15-20°C temperature range which has not been
found previously by most of the workers studying
the erythrocyte deformability in the same tempera-
ture range. The results previously obtained by
filtration techniques [3,42—-45] have a much lower
accuracy than ours because they use ill-defined
experimental conditions (as regards the membrane
plugging and the actual temperature). However, by
measuring the passage time of the first 0.05 1 of
human or fish whole blood through 5 pm Nucle-
pore filters, Kikuchi et al. [46] were able to show a
sharp rise in the erythrocyte rigidity below
15-18°C.

Investigation of the temperature variation of
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the elongation of human erythrocyte ghosts as a
shear rate using the Fktacytometer technique has
recently been described [47]). No variations were
reported between 10 and 45°C. Above this tem-
perature a progressive rigidification was demon-
strated. This result is, however, not comparable to
ours, as it was obtained with variable incubation
temperature, the deformability measurements
being done at room temperature. Only irreversible
temperature effects could then be shown.

The influence of temperature on erythrocyte
deformability has been studied by elongation at-
tached cells in a given shear rate between 2 to
50°C and measuring the elongation after
glutaraldehyde fixation [5]). Though the measure-
ments were performed at only five different tem-
peratures between 2 and 48°C, the reporeted re-
sults show a significant deformability increase in
the 10-25°C region.

The elongation recovery relaxation time 7 be-
tween 6 and 37°C has been studied and the cell
surface viscosity has been deduced assuming that
the cell content viscosity had a negligible influence
on 7 [48]. No transition was observed in the plotted
recovery time figures (if, however, the calculated
surface viscosity is plotted versus temperature, a
break appears in the 20°C region). The surface
viscosity calculation depended strongly on the
surface shear elasticity modulus results given by
Waugh and Evans [49] and by Evans and Skalak
[50]. In these papers, the cell elasticity was
determined between 5 and 45°C by the micro-
pipette technique. A regular decrease in the elastic
area compressibility modulus was found for in-
creasing temperatures. The same result was shown
for the elastic shear modulus (which is probably
the main parameter measured in filtration experi-
ments). However, as many independent measure-
ments must be averaged, the elasticity determina-
tions is long and tedious so that the resulting
accuracy is poor. The variation coefficient on these
direct measurements was about 15% (as compared
to 2% with our method). If a relative value is used,
similar to AIR, these experimental errors become
much larger than the total thermal transition am-
plitude which is looked for (40% as measured with
our technique and expressed as AIR). Another
factor which may obscure the comparison between
the two results is the important side-effect recently

reported [51]. Indeed, a strong albumin-mediated
interaction between the cell membrane and the
glass micropipette well has been found which may
seriously disturb any intrinsic cell membrane ther-
mal property. On the other hand, numerous authors
using various methods have already shown a ther-
mal transitions in the 15-20°C range, either on
intact or sonicated ghosts or on artificial lipid
membranes. Around 20°C, a sudden change in the
membrane structure of intact erythrocytes has been
suggested by studying the temperature dependence
of the uptake of glucose [9]. A change around
19°C in the thermal viscosity curve of sonicated
ghosts has been shown [10]. The band intensity at
the C-H stretching frequencies in intact or soni-
cated ghosts and liposomes has been studied at
different temperatures [11]. A sharp transition of
the intensities has been demonstrated in the 0°C
and also in the 17°C region.

With ESR, NMR or fluorescence probes and by
X-ray studies, the same transition has often been
observed [52]. By studying the width of the 129
MHz 'P-NMR spectra of pronase-digested, di-
ethyl ether-extracted ghosts, a significant transi-
tion has been shown at 20°C [12,14]. It was cor-
related with sphingomyelin, which would enter a
gel state below 20°C. By spin-labeling intact
erythrocytes with various classes of phospholipid
label, a transition at 18°C has also been found,
but a phosphatidylcholine origins suggested [13].
Discontinuities at various temperatures near 20°C
by have been observed studying on erythrocytes
the ESR spectrum of the spin label 5-nitroxide
stearic acid [19]. In ghosts, two transitions in the
13.5-16.5°C and in the 37.5-40.5°C regions have
been shown through studying the ESR spectrum of
the 16-nitroxide stearate, which probes the hydro-
phobic part of the phospholipidic bilayer [53]. The
same results have been obtained by others [54]
with the same spin label.

Recently, through a positron lifetime study, a
sudden change in the ortho-positronium annihila-
tion rate has been demonstrated in human
erythrocyte ghosts at 18-20°C [18]. In studying
the role of membrane lipids in cold agglutination
of human erythrocytes, a marked slope change at
16°C of the temperature dependence of an ag-
glutination parameter (relative equilibrium associ-
ation constant) has been shown [20].



However, Gottlieb and Eanes [23] have criti-
cized the viscosity results of Zimmer and Schirmer
[10}, as they could not find by an X-ray diffraction
study on ghosts any rigid crystalline state upon
lowering the temperature to —20°C. Maraviglia et
al. [25] have studied the H-NMR spectrum of
phospholipid probes incorporated into intact hu-
man erythrocyte ghosts. They conclude that the
membrane keeps a liquid crystalline phase down
to —5°C. But, if their results for the first moment
of the spectra are re-plotted in the same relative
units as IR, a significant transition appears in the
15-20°C region. Therefore, any results on the
membrane fluidity thermal variation should al-
ways be discussed taking into account the experi-
mental precision.

The origin of this transition around 15°C is
presently unclear. It can be the consequence of a
membrane reorganization due to a modification in
the equilibrium between domains in a bilayer
structure and domains in a micellar structure, as
suggested recently by Hope and Cullis [55]. The
role of the cell proteins should also be discussed.

As shown in Fig, 5, the hemoglobin viscosity
does not show any low-temperature transition, even
if a relative viscosity variation (comparable to
AIR) is used. Moreover, the same transition seems
to be demonstrated also for the ghosts (residual
hemoglobin content of about 5% after two wash-
ings).

The possible role of spectrin in the cell mem-
brane rheology has been discussed [56] in view of
its hyperelastic properties, a shown by the elastic
behavior of the membrane after large irreversible
deformations. A model has been proposed in which
the membrane lipid phase would behave as a pure
liquid, with a zero elastic shear modulus. The
semi-solid properties of the underlying protein
network could then explain the permanent
erythrocyte deformation which appears at the high,
long-duration stresses which are used in cell elon-
gation experiments [51]. In erythrocyte filtration
experiments, the stress duration is short: typical
cell transit times are in the millisecond region
[30,32]. Under these conditions, the application of
Evans’ hypothesis may not be straightforward.
Moreover, Evans and Skalak have recently [50]
stressed the speculative character of the rdle of
spectrin in membrane rheology.
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Evidence has been given [57] that the lipid
bilayer (and not the spectrin) is the main determi-
nant of the erythrocyte ghost shape. The depen-
dence (near a lipid transition) of the cellular mem-
brane elastic response on the interactions between
the lipids and the intrinsic proteins has been
pointed out [58]. Therefore we think that the rela-
tionship between the membrane rheology and its
structure is still an open matter.

In conclusion, by using a new rheological
method based on the initial filtration flow rate
through 5 pm pores of diluted erythrocyte suspen-
sions, which has a significantly higher accuracy
than the previous techniques and which is well
temperature-controlled, we have been able to show
two thermal transitions. The one between 49°C
and 50°C can reasonably well be attributed to
denaturation of membrane protein (probably spec-
trin). Another deformability transition (not as im-
portant as the first one) is observed for the first
time between 15 and 20°C (higher rigidity below
this transition). As it occurs for the ghosts as well
as for the erythrocytes, and as by studying differ-
ent properties a similar transition has been found
by numerous authors on intact or sonicated cell
membranes and on artificial lipid bilayers, we
think that in normal erythrocytes at room or body
temperature, the cell deformability depends mainly
on the membrane viscoelasticity. Therefore, in
pathological conditions where erythrocyte defor-
mability is reduced, not only the hemoglobin
abnormalities must be searched for, but also the
membrane composition and structure (endoface
and intrinsic proteins, lipids, protein and lipid
interactions); indeed, clinical results have already
shown alterations in the erythrocyte membrane
lipid composition, in correlation with reduced de-
formability {59].
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