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A Study of the Dynamic Properties of the Human Red Blood Cell
Membrane Using Quasi-Elastic Light-Scattering Spectroscopy

Roy B. Tishler and Francis D. Carlson
The Thomas C. Jenkins Department of Biophysics, Johns Hopkins University, Baltimore, Maryland 21218 USA

ABSTRACT A quasi-elastic light-scattering (QELS) microscope spectrometer was used to study the dynamic properties of the
membrane/cytoskeleton of individual human red blood cells (RBCs). QELS is a spectroscopic technique that measures intensity
fluctuations of laser light scattered from a sample. The intensity fluctuations were analyzed using power spectra and the intensity
autocorrelation function, g®(7), which was approximated with a single exponential. The value of the correlation time, T,,, was
used for comparing results. Motion of the RBC membrane/cytoskeleton was previously identified as the source of the QELS
signal from the RBC (R. B. Tishler and F. D. Carlson. 1987. Biophys. J. 51:993-997), and additional data supporting that
conclusion are presented. Similar results were obtained from anucleate mammalian RBCs that have structures similar to that
of the human RBC, but not for morphologically distinct, nucleated RBCs. The effect of altering the physicai properties of the
cytoplasm and the membrane/cytoskeleton was also studied. Osmotically increasing the cytoplasmic viscosity led to significant
increases in T.o.. Increasing the membrane cholesterol content and increasing the intracellular calcium content both led to
decreased deformability of the human RBC. In both cases, the modified cells with decreased deformability showed an increase
in Teom, demonstrating that QELS could measure biochemically induced changes of the membrane/cytoskeleton. Physiological
changes were measured in studies of age-separated RBC populations which showed that T, was increased in the older, less

deformable celis.

INTRODUCTION

Measurement of the dynamic properties of a cell can provide
important information on its physical state. The dynamics of
certain types of motion of a cell and/or its structural com-
ponents can be inferred from the measurement of the inten-
sity fluctuations in light scattered by the cell. Changes in
cellular dynamics, which reflect alterations in the physical
properties of the cell arising from biochemical modifications
or physiological changes, lead to changes in the temporal
properties of the intensity fluctuations.

Quasi-elastic light scattering (QELS) is a spectroscopic
technique that measures fluctuations in scattered light in-
tensity arising from the motion of a sample. Motion of the
membrane/cytoskeleton has been previously shown (Tishler
and Carlson, 1987) to be the primary source of the QELS
signal from human red blood cells (RBC). QELS was used
to measure the dynamic properties of the membrane/
cytoskeleton of human RBCs under a variety of experimental
conditions. This technique offers a rapid, noninvasive way to
monitor membrane motion of an individual cell and, as we
will show, to study the effects of biochemical manipulations
and physiological changes. A QELS microscope spectrom-
eter (Blank et al., 1987), which allows measurements to be
made on single cells, was used in all experiments. Intensity
fluctuations of the scattered light were characterized using
both autocorrelation function and spectral analysis. The au-
tocorrelation data were analyzed as described previously
(Tishler and Carlson, 1987) using the intensity autocorrela-
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tion function, g®(7), defined as

g3(r) = (I®I¢ + D)D),

where 7 is the delay time, I(¢) is the instantaneous intensity,
and (...) represents the time average. In the case where g‘®(7)
decays exponentially (e.g., freely diffusing particles small
compared with the wavelength of light), it has the following
form:

g9(1) =1+ Ae™"Tor,

Teore is the correlation time of the signal, and A is the am-
plitude of the autocorrelation function and is an instrumental
constant that is also influenced by details of the sample scat-
tering. The autocorrelation function measured from an RBC
is a more complex process than this but was analyzed using
this functional form in order to facilitate comparison of the
data.

The human red blood cell is a relatively simple cellular
system. Its two major components are cytoplasm, which is
essentially a concentrated hemoglobin (Hb) solution, and a
thin membrane/cytoskeleton that surrounds the cytoplasm.
The dynamic state of both components can contribute to light
scattering fluctuations: (a) Hb diffuses and (b) spontaneous
fluctuations of the membrane/cytoskeleton lead to changes in
cell shape. The optical manifestations of the cell shape
changes are referred to as the “flicker phenomenon” (Blow-
ers et al., 1950).

Previous QELS studies of individual RBCs have been in-
terpreted in terms of a pure Hb source (Nishio et al., 1983),
in terms of a combined Hb/membrane signal that emphasizes
the Hb contribution (Nishio et al., 1985; Peetermans et al.,
1986), and in terms of a primarily membrane/cytoskeleton
contribution (Tishler and Carlson, 1987). This paper will
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expand on the data showing the membrane/cytoskeleton to
be the origin of the QELS signal and will present power
spectra of the scattered light.

The QELS signal will be shown to be sensitive to alter-
ations in the physical properties of the cell. Two biochemical
modifications, increasing the membrane cholesterol level
and increasing the intracellular calcium concentration, have
been shown to decrease the deformability of the RBC, pri-
marily through an effect on the membrane. Both lead to mea-
surable changes in g®X(1) with the mean correlation time,
Teom, increasing in the less deformable cells. Increasing the
buffer osmotic strength leads to an increase in cytoplasmic
viscosity and a decrease in cell deformability. T, also in-
creases under these conditions. The relationship between al-
terations in the physical properties of the cell and changes in
g®(7) allowed QELS to be used to detect physiological
membrane changes associated with aging of the RBC.

MATERIALS AND METHODS
Human sample preparation

Human blood samples were obtained by venipuncture from a 25-27-year-
old male using acid-citrate-dextrose as the anticoagulant. After removal of
the plasma and “buffy coat,” cells were washed three times in an iso-osmotic
HEPES-Ringers buffer (Schindler et al., 1980). Following the final wash the
RBCs were resuspended in HEPES-Ringers with 1 mg/ml of bovine serum
albumin (BSA). The final dilution of the RBC pellet ranged from 1:5,000
to 1:50,000, which was sufficient to separate individual RBCs by several cell
diameters on the microscope slide. Red blood cell ghosts were prepared from
these samples by hemolysis, using a standard procedure (Lin and Snyder,
1977).

Hypertonic buffers were prepared by adding various salts, at a concen-
tration of 225 mM (1.5X isotonic), to an isotonic HEPES-Ringers solution
with BSA, and the pH was readjusted to 7.4. These solutions therefore had
a total osmotic strength of 2.5X isotonic. The concentrated RBCs were
diluted 1:100,000 with the buffer prior to light scattering studies.

Alteration of membrane cholesterol level

The cholesterol level of the RBC membrane was altered following the stand-
ard methods of Cooper et al. (1975) and Hui et al. (1980). Lipid/cholesterol
dispersions were made from solutions containing 40 mg p,L-a-phosphatidyl
choline dipalmitoyl and either 23 or 80 mg of cholesterol in 10 ml of 155
mM NaCl, giving cholesterol/phospholipid values of 1.1 or 3.8, respec-
tively. Following sonication, the dispersions were centrifuged at 30,000 X
g for 30 min. A 10% RBC suspension was prepared in HEPES-Ringers
containing 1 mg/ml glucose and 1000 units/ml penicillin (Pen-G). Four ml
of the RBC suspension and 4 ml of a lipid/serum solution (1.3 ml heat-
treated serum and 2.7 ml phospholipid/cholesterol dispersion) were incu-
bated for 24-48 h at 37°C and frequently resuspended. After incubation, the
cells were separated from the lipid/cholesterol dispersion and washed three
times in HEPES-Ringers with glucose and Pen-G. Each RBC pellet was
resuspended in 1 ml of HEPES-Ringers with BSA and Pen-G and then
diluted 1:100 in the same buffer.

Alteration of intracellular calcium levels

The intracellular calcium concentration of the RBC was altered by using the
ionophore A23187 based on the methods of Lorand et al. (1978). RBCs were
washed three times in phosphate-buffered saline (pH 7.4) and then sus-
pended at 10% concentration in a buffer containing 100 mM KCI, 60 mM
NaCl, 10 mM glucose, S mM Tris-HCI, 100 units/ml Pen-G, 20 uM calcium-
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A23187 (Sigma C9275), and 1 mM CaCl,. In one of the controls the buffer
contained 20 uM magnesium-A23187 and 1 mM MgCl, in place of the
calcium compounds. In another control the same concentrations of
magnesium-A23187 and MgCl, were used, but 1 mM EGTA was added. A
third control used a buffer without a divalent cation or ionophore. The cell
suspensions were incubated in a 37°C water bath for 20 h and were resus-
pended every few hours. Following incubation the cells were resuspended
and diluted 1:1000 into buffer with 1 mg/ml BSA added.

Preparation of age-separated cells

The increase in density that occurs as the RBCs become older allows age-
separated populations to be prepared. If only extremes of densities are ex-
amined, a reasonable separation in terms of age can be expected (Sutera et
al., 1985). Cell populations of different ages were obtained using the density
gradient centrifugation technique of Vettore et al. (1980) with minor modi-
fications. A density-gradient mixture was prepared that consisted of 35%
colloidal silica particles coated with polyvinylpyrrolidone (Percoll; Phar-
macia Fine Chemicals AB, Uppsala, Sweden), 20% meglamine diatrozoate
(Renografin 60; E. R. Squib and Sons, New York), and 45% distilled water.
Nine ml of the density gradient mixture and 0.5 ml of blood filtered through
nylon were placed in 10-ml ultracentrifuge tubes. This mixture was cen-
trifuged at 27,000 X g for 20 min. Following centrifugation, the top and
bottom cell layers were removed and washed four times in iso-osmotic saline
at pH 7.4. The cells were then diluted with iso-osmotic saline and BSA for
QELS studies.

Red blood cells from different species

Samples of rat and dog blood were obtained from animals being used for
respiratory studies at the Johns Hopkins School of Public Health. Chicken
blood was collected at the Dover Poultry Company (Baltimore, MD). Acid-
citrate-dextrose was used as the anticoagulant for these samples. The Na-
tional Aquarium in Baltimore supplied samples from Beluga whales and
harbor seals. The Baltimore Zoo provided blood samples from a jungle cat
and an antelope. These samples were drawn into “purple top” vacuum tubes,
which contained citrate as the anticoagulant.

The above samples were prepared using the HEPES-Ringer buffer and
the standard human sample preparation technique. For the jungle cat, whale,
and seal samples, the procedure was modified slightly due to the small
volumes of the samples.

Blood from a toad (Bufo marinus) was prepared with an anticoagulant
(Sheif and Wensink, 1981) and diluted in a frog HEPES-Ringer buffer (100
mM NaCl, 10 mM NaHEPES, 4 mM KCl, 1 mM CaCl,, 0.7 mM NaH,PO,,
0.6 mM MgSO,, and 5 mM glucose). The preparation procedure used was
the same as for the human samples, but smaller volumes were employed.

Experimental apparatus
Quasi-elastic light-scattering microscope

All measurements were made using a QELS microscope spectrometer based
on a Nikon Diaphot inverted microscope with a HeNe laser (Blank et al.,
1987). For the experiments described here, a 330-pum front aperture and a
250-pm back aperture were used with a 40X long working distance phase
objective (Nikon 40 DL, NA 0.55). Under these conditions, the scattering
volume has an 8-um-diameter cross section, and the spread in scattering
angles is =5.5°. Details of the photon detection technique have been pre-
sented previously (Blank et al., 1987).

Sample holders
For experiments with scattering angles below 42°, a microscope slide and

coverslip sealed with petroleum jelly were used as the scattering chamber.
For scattering angles above 42°, a standard (1 X 1 X 3 cm) optical cuvette
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lying on its side was used as a scattering chamber. In both cases cell sus-
pensions were allowed to settle so that measurements were made on RBCs
lying flat on the horizontal surface of the sample holder. For the microscope
slide holder, the light was incident on the top surface of the coverslip,
whereas for the cuvette it was incident on the side of the cuvette. Thus for
both sample holders, the incident beam crossed an air/glass interface at a
non-normal angle, and corrections for refractive effects were made. Scat-
tered light was collected from light leaving the bottom of both sample hold-
ers normal to the surface, so no angular correction was required. For all
experiments, cells were allowed to settle on the bottom of the cuvette/
coverslip prior to measurements. RBCs that were biconcave disks were
chosen at random for measurements.

Data collection and analysis

Pulses from the amplifier-discriminator were processed with an
autocorrelator-multiscaler (Haskell and Carlson, 1980) interfaced to a
Plessey 11/23 digital computer containing an 11/73 processor running under
the UNIX operating system.

Autocorrelator

The autocorrelator calculated the one-bit-scaled autocorrelation function
(acf) in real time (Haskell and Carlson, 1980). With the appropriate choice
of scaling levels, this gives an excellent estimate of the true intensity acf
(Jakeman et al., 1972). For all experiments described these conditions were
maintained. The quantity calculated by the autocorrelator was the intensity
acf, GA(7), defined as

GP(r) = (n(On(t + 7))

where n(f) represents the number of counts in a sample time.
The normalized intensity autocorrelation function, g®(1), was derived
from G(7):

89(1) = GO()n(0))*

where (n(r)) is the number of photon counts per experiment. Each mea-
surement of GP(7) was normalized by the mean number of counts for that
particular measurement in order to minimize the effects of variations in the
laser power or the sample from one determination to the next (Oliver, 1974).
In a typical experiment, five sets of data were collected consecutively for
each RBC. Each data set represented a measurement of G@(7), which was
accumulated in real time and then transferred to the computer. The subse-
quent data analysis was performed off-line. The normalized intensity acf,
g@(7), is the quantity used for data analysis.

The sampling of G®(7), and thus the range of correlation times probed,
was varied in two ways. The correlator sample times were changed over a
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range of 6 us to 4 ms. In addition, there were two sampling modes of the
correlator. In the linear mode the 40 data channels collected photon counts
in 40 consecutive sample times of equal duration. The parabolic mode gave
a 40-channel acf in five groups of 8 channels. The first 8 channels were each
1 sample time apart, the next 8 were 2 apart, the next 8 were 4 apart, the
next 8 were 8 apart, and the last 8 were 16 apart. This sampling allowed a
range of 248 sample times to be studied while maintaining high resolution
at shorter delay times.

A single exponential fit gave a quantitative description of g@() in terms
of two parameters: the amplitude of the autocorrelation function and the
correlation time. An important aspect of the fitting procedure was that the
background (i.e., the level to which G®(1) decayed for long delay times)
was a calculated parameter. The single exponential fit was used to describe
£g@(7), although the autocorrelation function was a mixture of multiple
components. The amplitude of the single exponential fit is its value for T
= 0 and will be referred to as g®(0)-1. The correlation time, T,or, Of the
exponential fit is an average of the correlation times present in g@(7).

Comparisons of autocorrelation function

Data from groups of cells were compared in order to determine if different
preparation procedures altered the QELS signal, as measured by Teo,r. The
parameters used for these comparisons were the mean of the values of 7o,
calculated from the individual cells in a group and the SD of this mean. Tc,ry
for a particular cell was typically the average of five consecutive measure-
ments of g@(7). If the mean value of T, from a particular cell differed from
the mean value for the group of cells from which it was taken by more than
3 SDs, data from that cell were excluded from computation of the mean
value for the group. The data from two groups of cells were compared using
a modified Student’s ¢ distribution, which allowed for a different number
of cells and different SDs of the mean for each group (Cochran, 1964;
Snedecor and Cochran, 1967, section 4.14). Two samples were said to differ
if p < 0.05.

Data from the RBC ghosts were approached differently than data from
other modified RBC samples. The reasons for this are twofold: (i) as a result
of the decreased scattering intensity from the ghosts, these data can be
markedly altered if there is interference from dust, and (ii) the process of
forming ghosts may damage some cells. The mean value of T, for a group
of ghosts was calculated, excluding extreme values as follows: data from
a particular ghost were excluded if (a) for that cell the mean value of the
five determinations of T, was less than the SD of those five measurements
or (b) if the value of T, for a particular cell was greater than 3 SDs above
the mean for the group of cells from which it was taken.

Measurements from RBCs showed there was no angular dependence of
Teorr at a given sample time (Tishler and Carlson, 1987; this paper, Table
1). Data from a single angle were used for comparison studies, and no further
investigation of angular dependence was performed for modified cells. Most

TABLE 1 Correlation times and amplitudes of autocorrelation functions from red blood cells using different scattering angles

and sample times

6 = 31° 0 = 40° 0 = 63° 9 = 83°
(n=23) (n=25) (n=4) (n=4)

Sample time Teorr £9(0)-1 Teorr £9(0)1 Teorr £9(0)-1 Teorr £9(0)-1
6 us, P 4719 31x04 60*1.6 59+09 69+23 10.6 £ 2.0 52+17 10.6 = 0.6
40 ps, P 169 + 44 2507 187+ 4.1 49 *09 23242 104 + 1.7 21856 102 £ 1.8
150 ps, P 37273 2408 40.6 + 10.6 4718 535 =105 92*17 445 +6.1 88+19
1ms, L 53x11 20=x08 67 £ 15 3915 67 =10 78+ 14 66 = 10 7743
4ms, L 175 = 48 14 £ 0.7 208 = 37 34%20 180 £ 17 6114 169 + 18 6.6 +14
4 ms, P 504 = 82 1306 642 + 184 35+14 556 = 109 58+12 413+ 72 5.6 0.8

Results of single exponential fit of autocorrelation function measured from single RBCs acquired at a range of angles and sample times, using either the
linear (L) or parabolic (P) mode (see text). The autocorrelation functions analyzed for each cell represent the average of 5 measurements of 100-s duration.
The number of cells analyzed at each angle and sample time is noted. The errors represent the SD of the mean value, which was obtained by averaging
the results from individual cells. Values for T..,, are expressed in milliseconds, and the values of g%(0)-1 are shown X 100. There were no significant differences
between the values for T, measured at different scattering angles using a particular sample time.
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data were collected using a 1-ms sample time, and manipulations of the RBC
that primarily affected the membrane/cytoskeleton were studied. Although
other interpretations regarding the source of the QELS signal at short delay
times (sample time of ~40 us) have been presented, as discussed below,
the signal measured using a 1-ms sample time can be attributed only to
membrane/cytoskeleton motion.

The method used to present the experimental data from individual cells
was chosen to emphasize differences in the time dependence of g@(1). Data
were presented in a “normalized” form (Fig. 3) with g®(7)-1 being plotted
with the highest channel set equal to 1 and other channels scaled appro-
priately. Data from Fig. 1 are presented in a non-normalized form, since the
change in amplitude as a function of sample time is one of the factors being
studied.

Calculation of power spectra
Multiscaler: time series data

The power spectrum of the scattered light was calculated from time series
data collected with the same detection apparatus used for the autocorrelation
functions, but with the autocorrelator used in the multiscaler mode. The time
series obtained from the multiscaler contained gaps interspersed at regular
intervals between the data. Artifacts created in the power spectrum due to
these missed observations (Jones, 1962; Parzen, 1963) in the time series can
be minimized by applying an appropriate correction to the data, which is
most easily implemented using the autocorrelation function. The autocor-
relation function was calculated by a two fold application of the fast Fourier
transform (FFT) algorithm (Bloomfield, 1976; Cooley et al., 1977) to the
time series data consisting of an array of 1024 points with zeros placed in
the gaps of “missing observations.” Each term of the autocorrelation func-
tion is multiplied by a correction factor (Jones, 1962; Parzen, 1963), which
is determined by the length of the data gaps relative to the length of the data
sets. A subsequent FT yields the power spectrum. For each spectrum shown
here, data from 170 1024-point time series were combined.

RESULTS

I. Human red blood cell preparation: basic
studies

The results of measurements of g@(7) from a single RBC,
made using sample times from 6 us to 4 ms, are shown in
Fig. 1. Data from other cells were similar, although the pre-
cise value of g'®(7) differed from cell to cell for a specific
value of the delay time. The results of single exponential fits
to data from this and other cells, collected using a range of
scattering angles, are summarized in Table 1. These data
yield estimates of the upper and lower limits of the corre-
lation times present. The values of g@(7) obtained with a
6-us sample time did not show a large increase as the delay
time, 7, decreased to zero (Fig. 1 ), indicating that there was
no major contribution from correlation times in the range of
tens of microseconds. The mean correlation times from
single exponential fits, measured using the 6-us sample time,
ranged from ~5 to 7 ms. The data obtained using the 4-ms
sample time showed that the longest correlation times were
in the range of hundreds of milliseconds. The average cor-
relation time obtained from a single exponential fit was a
strong function of the sample time used. However, for a given
delay time, the values of g@(7) were independent of the
sample time used. For example, data acquired using a 150-us
sample time in the parabolic mode (Fig. 1 ¢) and data col-
lected with a 1-ms sample time in the linear mode (Fig. 1 d)
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spanned the same range of delay times and were virtually
superimposable.

The amplitude of the autocorrelation function, g@(0)-1,
decreased as the sample time was increased (Table 1). This
result is expected for g((7), which is made up of a broad
distribution of correlation times. For longer sample times,
contributions from the short correlation time components of
g®(7) had decayed to a small fraction of their initial value
within the first sample time. This feature of the data was
present at all the scattering angles studied (Table 1). Another
significant feature was the relatively low values of g®(0)-1.
The theoretical value of g?(0)-1 for the aperture combina-
tion used was 0.77 (Saleh, 1978), and for a model system of
polystyrene latex spheres, measured using the microscope
apparatus, it was 0.72 * 0.01 (Blank et al, 1987). Even for
the shortest sample time examined, g‘(0)-1 measured for
RBCs was in the range of 0.03 to 0.10. For a particular
sample time, T, was essentially independent of the scat-
tering angle, but there was a significant increase in g@(0)-1
as the scattering angle was increased.

Power spectra computed using sample times ranging from
1 to 10 ms are shown in Fig. 2. All spectra contained a large
low-frequency contribution that decayed monotonically.
These low-frequency spectral components corresponded to
the slowly decaying contributions seen in the autocorrelation
functions. The half-width of the low frequency contribution
decreased as the sample time was increased. This indicates
that a different measurement of the power spectrum was ob-
tained as the sample time was changed. This observation is
similar to the changing values of the correlation time meas-
ured for autocorrelation functions using different sample
times.

Table 2 summarizes results from ghost samples studied
using sample times of 40 s and 1 ms. Data from ghosts and
intact cells were similar, but the ghost data showed slightly
increased values of T, and exhibited a higher degree of
variability. Data from ghosts were collected using longer
experiment durations due to the decreased scattering inten-
sity from the ghosts relative to intact RBCs.

Il. Variations of ionic/osmotic conditions

The effect of increased NaCl concentration on g‘®(7) has
been previously demonstrated (Tishler and Carlson, 1987).
A number of additional salts were studied. These compounds
were added to an isotonic buffer at a concentration of 225
mM (1.5X iso-osmotic), yielding a total osmotic strength of
2.5X isosmotic. NaCl at this concentration had a large effect
on g@(7) (Tishler and Carlson, 1987). The values of T,
measured in the presence of ammonium chloride, where the
cation and anion are permeant to the cell membrane (Hoeber,
1945:, Jacobs and Stewart, 1947), did not differ from controls
(Table 3). This result indicated that the changes seen with the
NaCl were not due to an ionic strength effect. The absence
of an effect on g?(7) by the ammonium chloride also in-
dicated that this effect was not specific to the Cl~ ion. Choline
chloride is similar to NaCl in that it has an impermeant cation
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FIGURE 1 Autocorrelation functions for a range of sample times. Autocorrelation functions measured from a single cell using sample times from 6 us
to 4 ms. Each graph represents the average of five 100-s determinations of g®(r). The results of single exponential fits to the average g®(7) (means plus
or minus the SD values) are summarized below. 6 = 42°. (a) Sample time = 6 s, parabolic mode. Increased counts in channel 1 are due to afterpulsing
(Morton et al., 1967; Ford, 1985). g@(0)-1 = 0.056 * 0.002. T_,,, = 4.1 * 0.2 ms. (b) Sample time = 40 ps, parabolic mode. g?(0)-1 = 0.046 *+ 0.002.
Teor = 12.7 = 0.4 ms. (c) Sample time = 150 ps, parabolic mode. g@(0)-1 = 0.035 * 0.001. To, = 27.4 * 0.7 ms. (d) Sample time = 1 ms, linear
mode. g®(0)-1 = 0.029 * 0.004. T, = 48 * 3 ms. (e) Sample time = 4 ms, linear mode. g®(0)-1 = 0.019 = 0.003. T, = 164 = 7 ms. (f) Sample
time = 4 ms, parabolic mode. g®(0)-1 = 0.015 = 0.003. T.oy = 492 * 25 ms.

and a permeable anion. Large increases in the correlation

lil. Red blood celis from different species

times were seen with choline chloride, demonstrating that the

effect of NaCl was not specific to the Na™ ion. Similar results
were obtained when comparing the effect of sodium acetate

and ammonium acetate on g®(7).

RBCs from a variety of species were examined to determine
the extent to which measurements were characteristic of the
RBCs themselves. These data showed that RBCs which are
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FIGURE 2 Power spectra for a range of sample times. Power spectra measured using a range of sample times. Each spectrum was calculated from 170
1024 point time series. The solid lines represent the power spectra calculated for a white noise source having the same count rate that was used in collecting
the RBC spectrum. The spikes in a are artifacts arising from the missing observations in the time series. 8§ = 42°. (@) Sample time = 10 ms. (b) Sample

time = 4 ms. (¢) Sample time = 1 ms.

morphologically similar to human RBCs (anucleate, bicon-
cave, mammalian RBCs) have very similar correlation times.
The values for the nucleated RBCs, measured in the region
of the nucleus, were two to three times higher than for the
anucleate cells. The size and morphological features of RBCs
from different species and the results from measurements
made on them are summarized in Table 5. The values of T,
were similar for the nucleated toad RBCs, measured in the
region of the nucleus or the cell edge. However, the relative
scattered intensity was decreased, and the values of g®(0)-1
were increased in the region of the nucleus compared with
the edge of the cell (data not shown).

IV. Membrane modifications

Representative data for experiments on cells with normal and
increased levels of cholesterol are presented in Fig. 3. The
cells with the higher cholesterol levels have a more slowly
decaying g®(7) and thus larger values of T, The values
of T, are presented in histogram form along with data sum-
maries (Fig. 4). The RBCs with increased membrane cho-
lesterol levels showed 30-50% increases in T, relative to

cells with control levels of cholesterol. Although there is
some overlap between the two groups of RBCs, they clearly
represent different populations.

Changes in the intracellular calcium levels of the RBCs led
to changes in T, Cells treated with A23187 and 1 mM
calcium showed increases in T, relative to controls (Table
4). Approximately 90% of the cells treated in this manner
were crenated (echinocytes), but there was no difference in
the values of T, between the echinocytes and biconcave
disks. In both control experiments with magnesium com-
pounds less than 20% of the cells were echinocytes. There
were statistically insignificant increases in 7., measured
from the echinocytes relative to the biconcave disks. The
calcium-treated cells had significant increases in T, rela-
tive to all three sets of controls (Table 4).

V. Age-separated red blood cells

The least and most dense fractions, which represent the
youngest and oldest RBCs in a population, were used in the
study of age-separated RBCs. The data from measurements
on individual cells, along with a comparison of mean values
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TABLE 2 Correlation times for red blood cell ghosts

Teorr (mS)

Sample 40 ps 1 ms
Ghosts 145 £ 3.1 (3 of 4) 85*19(40f4)
Ghosts 13.1 =43 (50f 6) 92 * 37 (6 of 8)
Ghosts 134 £ 453 of 3) 51 £ 5(4 of 4)
Ghosts 10.4 * 3.4 (7 of 8) 60 + 24 (8 of 8)
Ghosts — 70 £ 36 (60f7)
RBCs 98+1034) 46 * 6 (5)
RBCs 93+3.1(8) 60 = 18 (8)
RBCs 9.8 +45(6) —

RBCs — 56 + 20 (15)

Summary of data collected from a number of ghost preparations for 40-us
and 1-ms sample times. Data presented are the mean and SDs as described
in the text. The number of cells used for the calculations, as well as the total
number originally in the group, are noted. For each individual ghost, five
300-s measurements of g®)(1) were used. Results from separate experiments
on intact RBCs, using five 60-s measurements, are included for purposes of
comparison. All data collected with 8 = 42°.

TABLE 3 Correlation times for red blood cells with different
ionic compounds

Permeable

Ionic compound cation? Teorr (ms)
N(CH,).Cl No 710 £ 440 (7)
Na(O,CCH;) No 440 + 160 (7)
NaCl No 320 + 100 (6)
NH,CI1 Yes 55 £ 10(13 of 15)
NH,(O,CHH,) Yes 56 + 15(6)
Control — 66 = 16 (8)

Summary of data for cells with different ionic compounds added (at con-
centrations equivalent to 1.5X iso-osmotic) to iso-osmotic HEPES-Ringers.
The data from all experiments using impermeable cations showed increased
values of T, that were significantly different from the control group. Data
from experiments with permeable cations were not significantly different
from the controls. § = 42°; sample time = 1 ms.

from the group, are presented as a histogram in Fig. 5. The
older cells showed a significant (p < 0.001) increase in T,
when compared with the younger cells.

DISCUSSION
Basic studies

Data supporting motion of the membrane/cytoskeleton as the
primary source of the QELS signal from the human RBC
have been presented previously (Tishler and Carlson, 1987).
This paper expands on the previous work. The biochemical
studies presented demonstrate the detection of membrane
alterations by QELS.

Autocorrelation studies shown in Fig. 1 cover a larger
range of sample times than previously presented. This shows
the intensity fluctuations of the scattered light contain a broad
range of decay times single exponential fits show values of
Teorr from 4 to 600 ms. The autocorrelation function has
decayed almost to baseline for the longest delay times shown.
In contrast to this, QELS studies of white blood cells (Tishler
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and Carlson, 1987 and unpublished data) show significant
decays at delay times of up to 4 s with average values of T,
as high as 3-5 s (using 100-ms sample times). Table 1 sum-
marizes data from different RBCs and shows the lack of an
angular dependence of T, for a particular sample time.
However, as will be discussed below, there is a monotonic
increase in g@(0)-1 as the scattering angle increases.

The strongest evidence in support of the membrane/
cytoskeleton as the primary source to the signal was the com-
parison of data from Hb and individual RBCs and ghosts
(Tishler and Carlson, 1987). Data are presented from mul-
tiple cells in different groups of ghosts and RBCs (Table 2)
which further demonstrates the similarity of the ghost and
RBC data. A significant feature of the data was the increased
variability, between groups of ghosts and between individual
ghosts, indicating that these populations were more heter-
ogeneous than the RBC populations. Since the formation of
ghosts from RBCs by hypotonic hemolysis is a major per-
turbation that can lead to disruptions of the physical prop-
erties of the membrane/cytoskeleton (Kansu et al., 1980;
Tanaka and Ohnishi, 1976), the increased heterogeneity of
the ghost populations was not unexpected.

QELS studies of individual RBCs have been interpreted in
terms of membrane motion (Tishler and Carlson, 1987) or a
pure Hb contribution (Nishio et al., 1983). However, the
actual data for g®(7) using a 40-us sample time, which were
used to support such disparate interpretations, were quite
similar in terms of their time dependence. Nishio et al. (1985)
and Peetermans et al. (1986) have subsequently interpreted
data collected with a 40-pus sample time in terms of a com-
bined Hb/membrane signal. An important consideration in
the analysis is their difficulty in accurately representing the
contribution due to the membrane/cytoskeleton. This prob-
lem is illustrated by the ghost data presented previously
(Tishler and Carlson, 1987; Blank et al., 1986). Even for
short sample times, some of the ghost and intact RBC data
are almost indistinguishable. The mean values of T, for a

TABLE 4 Effects of altered intracellular calcium levels on
correlation times

Divalent Cell
cation Ionophore? morphology Teorr (mMS)
Ca%+ Yes Crenated 121 + 31 (11)
Biconcave 115 * 25 (6)
Mg+ Yes Crenated 83+ 17(4)
Biconcave 54 £13(5)
Mg2* Yes Crenated 88 *+15(3)
(+EGTA) Biconcave 52x2(5)
— No Biconcave 66 = 15 (5)

Effect of changing intracellular calcium levels using the ionophore
A23187. Calcium was present at a level of 1 mM in the incubating buffer.
Control experiments included samples with magnesium at a concentration
of 1 mM as the extracellular ion (with or without EGTA), and one sample
was incubated without ionophore or divalent cation. Data from the calcium-
treated cells were significantly different from the controls. There was no
significant difference among the control groups. 8 = 42°; sample time =
1 ms.
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FIGURE 3. Representative data from cells
with different cholesterol levels. Representa-
tive data from cells with normal and increased
cholesterol levels. g®(7) from two cells in
each group are plotted. Data are from five
60-s experiments on each cell. Data in upper
group (X, O) are from cells with increased
C/P ratios and data in lower group (*,+) are
from cells with normal C/P ratios. 8 = 42°,
sample time 1 ms.

Normalized g@(T)-

20 30
T (msec)

40

FIGURE 4 Distribution of correlation

Altered Cholesterol

Effect of
Level

w

times for red blood cells with different cho-
lesterol levels. Histograms of correlation
times measured from RBCs incubated with
cholesterol/phospholipid  vesicles. The
cells were incubated with vesicles which
had a cholesterol to phospholipid ratio of
3.8 (increased cholesterol) or 1.1 (controls:,
this is approximately the value in a RBC
membrane). Measurements were made on
cells incubated with the vesicles for ap-
proximately 48 h. Data shown in histogram
are values of T, obtained from g‘®(7)
measured using a 1 ms sample time with 6
= 42°. Data summaries below are mean
values of T, plus or minus the SD for a
group of cells. Increased cholesterol: T, 1 1
= 100 * 16 ms (8 cells). Normal choles-
terol: Teory = 65 * 24 ms (8 cells). p <
0.025. Similar results were found for a
separate preparation of similar sample.
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group of ghosts are slightly increased relative to that of intact
RBCs, which is also evident in some of the individual data
sets. An increase in the average value of T, is seen that
would be expected if the faster contribution of the Hb were
no longer present. However, an alternative explanation for
this result, which we favor, is that the process of forming a
ghost leads to changes in the membrane/cytoskeleton which
cause an increase in T,. In support of this are data collected
using a 1-ms sample time (which probe time scales where
only the membrane/cytoskeleton could be contributing),

which show that T, for the ghosts was increased relative
to that measured from the RBCs.

Power spectrum analysis of the QELS signal from human
RBGCs is presented in Fig. 2. This technique allowed a wider
range of time scales to be included in a single data set, but
also limited the high-frequency (short delay time) compo-
nents that could be analyzed. The data show a complex signal
made up of a wide range of frequency components with the
largest contribution coming at low frequency. The apparent
half-width of the low-frequency peak decreases as the sample
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Age Separated
Red Blood Cells

~

FIGURE S Distribution of correlation
times for different aged red blood cells.
Histograms of correlation times for 5
youngest and oldest cells in a population
of RBCs obtained using a density cen-

trifugation separation procedure. Data 4 1
shown in the histograms were obtained as
described in Fig. 4. Youngest cells: T, 3

= 57 = 10 ms (12 cells). Oldest cells:
Teorr = 84 * 16 ms (21 cells). p < 0.001.
Similar results (with the same p value) 2
were found for a separate preparation of
a different sample.
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time is increased (Fig. 2), which is the power spectrum ana-
logue of the mean value of T, changing as a function of
sample time. The inclusion of the “white noise” level shows
that the largest contributions to the power spectra are present
up to the highest frequencies measured (500 Hz), as expected
from the autocorrelation data.

Power spectrum analysis facilitates comparisons of the
QELS data with that obtained using other spectroscopic tech-
niques. Spontaneous motion of the RBC membrane was first
observed approximately 100 years ago (Browicz, 1890) and
was subsequently termed “the flicker phenomenon” (Blow-
ers et al., 1950). The small number of quantitative studies of
this phenomenon (Fricke et al., 1986; Sackmann et al., 1984;
Fricke and Sackmann, 1984; Brochard and Lennon, 1975;
Burton et al., 1968) have used quantitative phase contrast
microscopy (Brochard and Lennon, 1975), which measures
the power spectrum of thickness fluctuations in RBCs. The
results of these studies have shown that the power spectrum
of the motion is a monotonically decreasing function of fre-
quency which does not extend above 25—40 Hz. Quantitative
microscopy differs from QELS in that: (@) a polychromatic
light source is used, (b) scattered light is collected over a
wide range of scattering angles, and (c¢) fluctuations in the
RBC thickness are measured directly.

Brochard and Lennon (1975) proposed two theoretical ap-
proaches to explain the flicker spectroscopy data. They mod-
eled the RBC as two 8 X 8 wm square planar bilayers sepa-
rated by 2 um. They examined the contributions resulting
from fluctuations in the individual bilayers, as well as
squeezing modes in which motion of the two bilayers was
coupled. The data they collected on human, frog and chicken
RBCs agreed with their proposed model with the fluctuations
arising from the “squeezing modes.” The power spectra de-

creased monotonically with frequency and over the range of
1 to 30 Hz decreased as (frequency)™>. The quantitative
microscopy technique has been used by Fricke and Sack-
mann (1984) who found that the power spectrum decreased
as (frequency)~2 at higher frequencies. The difference in fre-
quency dependence was attributed to the different manner in
which the two groups treated the baseline levels of the spec-
tra. It should be noted that in both cases, the high frequency
cutoff was less than 50 Hz. Fricke and Sackmann also
showed that the data could be approximated by two Lorentz-
ians which they interpreted as evidence that there is a con-
tribution from both the cytoskeleton and the membrane.

The overall similarity of the data obtained using the flicker
spectroscopy technique and QELS is quite striking, particu-
larly in light of the differences described above. The wide
range of frequencies included in the QELS spectra also sug-
gest that the other analyses may have underestimated the
high-frequency components as well as altered the shape of
the curve due to the effect of spectral aliasing related to the
arbitrary high-frequency cutoff.

In one limit of the RBC model, the fluctuation modes are
determined by single-membrane dynamics, which predicts
specific characteristics of the QELS signal. QELS studies
have been done on free surfaces, monolayers, and bilayers
where fluctuations arise from a similar mechanism (Crilly
and Earnshaw, 1983). The physical properties of the surfaces
have been described theoretically and are in good agreement
with experimental results. Application of this theory to the
Brochard and Lennon model of the RBC shows that the char-
acteristic time scales of motion due to surface waves on the
RBC membrane is less than 1 us for typical values of the
physical properties of the RBC membrane (H. Z. Cummins,
personal communication). This is clearly not contributing
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significantly to the QELS or quantitative microscopy mea-
surements made on the RBC.

Another possible etiology of the QELS signal is coupled
motion of the two membranes (in the model) which corre-
sponds to shape deformations of the RBC. The analysis of
Brochard and Lennon showed that the range of relaxation
times from these modes was ~50 ms to 10 s. However, their
theory predicts a strong dependence on the scattering vector
q (proportional to ¢°) for these modes, and our data are es-
sentially g independent.! A possible explanation for these
modes making some contribution to the g-independent QELS
signal relates to the RBC geometry. The surface of the RBC
is not planar, leading to difficulty in precisely defining the
scattering vector which may cause the deformation modes to
be mixed together and the resultant signal being independent
of g (P. G. de Gennes, personal communication). An ana-
lytical theory of membrane fluctuations that explicitly in-
cludes the RBC shape has been presented by Peterson (1985).
His theory predicts that the QELS signal exhibits a weak
dependence on g, which is consistent with the results pre-
sented here and with the suggestion that ¢ independence
would be expected from the RBC. Although Peterson’s
theory agrees with our results from single RBCS resting on
a microscope slide, his own data on suspended RBC popu-
lations do not follow his theory.

Recent studies of membrane fluctuations in RBCs have
shown similar spectral data which was obtained using a new
optical technique based on direct measurement of amplitude
fluctuations (Krol et al., 1990; Levin and Korenstein, 1991).
These data suggest an interrelationship between a metabolic
component of the fluctuations, which act via coupling/
uncoupling of the cytoskeleton to the membrane, and the
inherent physical properties of the membrane. In agreement
with the QELS studies, the data on intact RBCs and ghosts
are quite similar (Levin and Korenstein, 1991).

Light-scattering considerations

Calculation of the amplitude of g®(7)-1 can give important
information on the origin of the scattered light. Measure-
ments for RBCs showed amplitudes (Fig. 1 and Table 1)
much less than both the theoretical predictions (Saleh, 1978)
for our experimental geometry and experimentally deter-
mined values. In previous RBC studies, the data have been
normalized so that the first data channel is arbitrarily set
equal to 1 (Tishler and Carlson, 1987; Blank et al., 1987;
Nishio et al., 1983, 1985; Peetermans et al., 1986). The prob-
able etiology of the decrease in g‘®(0)-1 is the presence of
elastically scattered light at the detector, an effect known as
heterodyning. Elastically scattered light may arise from
slowly moving or stationary regions of the RBC or possibly
the scattering chamber. The contribution of a heterodyne

! g, which is called the scattering vector, is defined as g = 4m sin(6/2)/A,
where A is the wavelength of light, 8 is the scattering angle, and n the
refractive index.
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component in QELS from RBCs has been raised (Kam and
Hofrichter, 1986), but only in the context of static scattering
from gelled sickle Hb. These data show it is present in scat-
tering from a normal RBC without any contribution from a
gel.

The maximum values of g®?(0)-1 were measured with the
shortest sample times and decreased as the sample time was
increased (Table 1), as would be expected from a complex
signal with many time components present. The value of
£®(0)-1 for the RBCs decreased as the scattering angle was
decreased. The intensity of light elastically scattered from the
RBC increases at smaller scattering angles (Meyer, 1979)
leading to a larger heterodyne effect. Therefore, this angular
dependence is consistent with heterodyning as the origin of
the decreased amplitudes. Using the maximum values,
g®(0)-1 from a RBC is decreased relative to the amplitude
of g@(0)-1 from a model system of polystyrene by 7 to 25
times. If the decrease were entirely due to heterodyning, it
would imply that the ratio of elastically to quasi-elastically
scattered light at the detector was between 10 and 70 (Oliver,
1974). The relative mix of static versus fluctuating compo-
nent appears to change with angle based on the value of the
amplitude, but T, shows much less change than the am-
plitude. This is not unexpected since T, is less sensitive to
the extent of heterodyning than is the amplitude (Oliver,
1974).

Experimental considerations

We have previously considered the potential role of artifacts
arising from cell motion and external vibration; experiments
with polylysine and glutaraldehyde fixation showed no con-
tribution from these factors (Tishler and Carlson, 1987;
Blank et al., 1987). Since the QELS experiments use rela-
tively high light power densities (typically 10-30 W/cm?)
compared with those used for standard phase microscopy
(~0.01 W/cm?), the potential contribution of laser heating
and sample damage needs to be considered.

Heating effects in laser studies of biological samples have
been addressed both theoretically and experimentally. Pid-
dington and Sattelle used power densities of ~1 W/cm? to
study locust ganglia (Piddington and Sattelle, 1975; Sattelle
and Piddington, 1975). They measured temperature increases
for this power density and for power densities 25 times as
high. The maximum temperature increase was in the range
of 1-2°C (Sattelle and Piddington, 1975). The temperature
effects for the RBC are less than this because the RBC has
a larger surface to volume ratio than the multicellular gan-
glion system and should dissipate heat more efficiently.
Earnshaw and Steer (1979) treated the heating effect theo-
retically. They assumed: (@) a 10-um radius sphere, (b) 10%
power absorption, and (c¢) heat loss by conduction only. With
an incident power of 1 mW (~300 W/cm?), the temperature
rise in water would be about 0.1°C. As in the previous case,
the RBC experimental conditions are more favorable than
this. The RBC is a biconcave disc of 8-um diameter and
therefore has a larger surface-to-volume ratio than a 10-um
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diameter sphere. In addition, less than 10% of the incident
radiation was absorbed. Hb has a relatively low absorption
coefficient at a wavelength of 6328 A (Lemberg and Legge,
1949), and the thickness of the RBC is ~2 pm. Therefore,
with the experimental conditions used for the RBC experi-
ments, heating of the sample should not have been a con-
tributing factor.

Observations on F-actin solutions in this laboratory (Mon-
tague, 1985) have shown that even for wavelengths where
sample absorption and heating were not detectable, a per-
turbation of the sample due to the laser light was found.
These effects were eliminated by decreasing the incident la-
ser power density from 600 to 1 W/cm?. For RBCs, power
densities of 3 to 100 W/cm? showed only small differences
for experiments which maintained a similar number of back-
ground counts. Further studies suggested that the differences
were due to the different experiment durations rather than the
power densities used. In addition, the effect seen by Mon-
tague (1985) depended on the time of exposure to the laser
beam. The RBC experiments were typically 5 min long,
while the effects on actin were seen only after exposure of
an hour or more.

Species studies

In our initial presentation of the RBC data, a biological “con-
trol,” the human white blood cell (WBC) was examined
(Tishler and Carlson, 1987). The WBC, which differs from
the RBC in terms of size, shape, cytoplasmic viscosity, cel-
lular components and myriad of other ways, was studied in
order to see if a QELS signal of significantly different char-
acter were found. The large WBC with its more viscous cy-
toplasm demonstrated a signal with a significantly longer
decay time. We present here the results from a complemen-
tary biological study in which a variety of RBCs from other
species were examined, with the expectation that those with
similar structures would have signals similar to the human
RBC.

The spontaneous motion of the RBC membrane/
cytoskeleton presumably is related to the physical structure
of the membrane/cytoskeleton, as opposed to the precise bio-
chemical constituents of the cytoplasm. Consequently, re-
sults comparable to the human RBC would be expected in
cells with a similar structure. There was no significant dif-
ference between data from anucleate mammalian RBCs
which included a wide variety of species (Table 5). This
similarity was observed in spite of the fact that there were
substantial differences between the biochemical constituents
of the cells. For example, the human RBC has a high intra-
cellular potassium concentration (greater than 100 mM;
Beulter and Srivastava, 1977) while for a dog RBC the po-
tassium concentration is approximately 10 mM (Ponder,
1941). Similarly, the QELS signal would be expected to dif-
fer for cells which differed structurally from the mammalian
RBC, as was previously demonstrated for the human WBC.
Data from nucleated RBCs are included in Table 5. In ad-
dition to having a nucleus, the toad RBC (10-15 X 20-25
pm) and chicken RBC (6 X 12 um) differed in both size and
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TABLE 5 Correlation times for red blood cells from different
species

Type of Cell size
cells (p.m) Tcorr (ms)
Human 7-8 65 +24 (8)
60 £ 18 (8)
56 20 (15)
Dog 7 63+15(14)
Rat 5-6.5 61+12(9)
Beluga whale 6.5-7
Anore 66 + 11 (7 of 8)
Illamar 68 + 25 (7 of 8)
Harbor seal 5.5-7.5
Danny 57+12(80of 9)
Orange 69 + 10 (9 of 10)
Jungle cat 55-7.5 53+13(9)
Antelope 4.5-5.5 79 =23 (9 of 10)
Chicken* 7x12 127 £33 (12)
Toad* 13 X 19 185 75 (11 of 12)

Summary of autocorrelation data measured from RBC:s of different species.
Each set of human RBC data was taken from different preparations. Data
from nucleated cells were collected from a region including the nucleus.
Criteria for accepting data from a particular cell are the same as those used
for the RBC ghosts. Values for the size of chicken RBCs were obtained from
Lucas and Jamroz (1961) and values for the toad from Andres (1965). Other
values were found in Archer and Jeffcoat (1977). Data from the chicken and
toad RBCs were significantly different from the human samples. There was
no difference between the data from the other species and the human RBCs.
6 = 42°; sample time = 1 ms.

” Nucleated RBC.

shape from the mammalian cells. Measurements of g‘®(7)
from these cells were compared with measurements from
human RBCs and T, was increased in the nucleated RBCs.
The measurements were made with the standard microscope
equipment and thus the cross sectional diameter of the scat-
tering volume was approximately 8 um. In experiments on
the chicken RBC, the region of the cell contained in the
scattering volume included the nucleus and the lateral edges
of the cell. For the toad RBCs, separate measurements were
made in the region of the nucleus and the edge of the cell,
but the values of T, from these two regions did not differ
significantly. There was, however, a significant increase in
the scattered intensity from edge of the cell compared with
the region of the nucleus. In addition, the value of g®(0)-1
was increased in the region of the nucleus. The scattering
intensity from the edge of the toad RBC was comparable to
that from the human RBC, suggesting that for the human
RBC the edge of the cell made a large contribution to the total
scattered intensity.

The effect of increased cytoplasmic viscosity on
the QELS signal from red blood celis

Increasing the osmotic strength of the RBC buffer led to a
decrease in the intracellular water content which resulted in
an increase in the cytoplasmic protein concentration (Mc-
Conaghey and Maizels, 1961). Experiments which used dif-
ferent ionic compounds demonstrated that these changes
were specifically osmotic effects and were not due to changes
in ionic strength or specific ions (Table 3). Increases in cy-
toplasmic viscosity have been independently shown to de-
crease the spontaneous motion of the RBC membrane (Co-
letta et al., 1982; Padilla et al, 1973).
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Previous measurements of the effect of increased viscosity
on spontaneous RBC membrane motion examined the effect
of polymerization of sickle cell Hb within RBCs. In a study
of sickle cells Padilla et al. (1973) noted that the flicker
phenomenon ceased as the Hb polymerized, even prior to
sickling of the RBC. During the phase of deoxygenation prior
to morphological changes of the cell, polymerization of the
sickle Hb led to an increase in cytoplasmic viscosity. A simi-
lar observation was made in studies of the scattered light
intensity from sickle RBCs during the process of Hb poly-
merization. Fluctuations in the scattered intensity, which
were attributed to flicker motion of the cell membrane, de-
creased as the mean scattered intensity increased due to the
formation of Hb polymers (Coletta et al., 1982). Measure-
ments of the polymerization of concentrated sickle cell Hb
in solution did not exhibit these fluctuations in scattering
intensity (Ferrone et al., 1980). Decreases in the intensity
fluctuations of light scattered from sickle cell RBCs were
also measured using QELS (Nishio et al., 1983). Although
these changes were attributed to decreases in the Hb diffusion
coefficient, the decreased membrane motion accounts for
this result.

Increasing the osmotic strength of the buffer and increas-
ing cytoplasmic viscosity has also been shown to decrease
cell deformability. Studies of RBC filterability with a variety
of pore sizes showed decreases in RBC deformability with
increasing osmotic strength (Reinhart and Chien, 1985). Mi-
cropipette aspiration studies showed that the dynamic rigid-
ity of the RBC increased as Hb concentration increased,
while the static properties were unchanged (Evans et al.,
1984). These studies demonstrate that RBCs with increased
cytoplasmic viscosity have changes in their dynamic prop-
erties and are less deformable. QELS measurements on the
less deformable cells showed increases in T,,,. These find-
ings are consistent with the data presented below where de-
creased cell deformability was induced by direct manipula-
tion of the membrane/cytoskeleton complex.

Biochemical modifications of the red blood cell
membrane/cytoskeleton

Two biochemical manipulations which primarily act on the
membrane/cytoskeleton of the RBC were studied in order to
determine their effect on the QELS signal. Increasing the
membrane cholesterol content and increasing the intracel-
lular calcium concentration both lead to decreased deform-
ability of the cells, as assessed in a number of different ways.
The goal of these studies was to determine if QELS was
sensitive to biochemically induced changes in the membrane/
cytoskeleton.

A. Calcium effect

Increased intracellular calcium levels have been shown to
decrease the deformability of the human RBC. These
changes have been measured using ektacytometry (Heath et
al., 1982), micropipette aspiration techniques (Smith et al.,
1981) and a filtration assay (O’Rear et al., 1982). The change
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in deformability has been attributed to different mechanisms:
1) direct effects on the intrinsic properties of the membrane/
cytoskeleton and 2) intracellular dehydration secondary to
potassium efflux which leads to increased cytoplasmic vis-
cosity. If the ionophore A23187 is used to alter the intra-
cellular Ca2™ levels and manipulations are performed in a
high potassium buffer (as they were here) the dehydration
effects are minimized (Heath et al., 1982) and the predomi-
nant effect is that of calcium acting on the membrane/cyto-
skeleton. Increased intracellular calcium has been associated
with intrinsic changes of the membrane/cytoskeleton but no
other significant changes in the physical properties of the cell
(O’Rear et al., 1982). Increased intracellular calcium levels
lead to changes of the RBC shape and formation of a high
molecular weight complex which consisted of cross-linked
cytoskeletal proteins (Lorand et al., 1978). Polymer forma-
tion was inhibited under conditions in which the changes in
deformability were also inhibited, suggesting that the enzy-
matic cross-linking of the cytoskeletal proteins may be the
cause of the membrane changes (Siefring et al., 1978).
The QELS signal was altered significantly in cells which
had increased intracellular calcium levels (Table 4). T, was
increased in the presence of increased calcium, independent
of cell morphology; statistically insignificant increases were
observed for cells with echinocytic morphology. Controls
with magnesium replacing the calcium in the buffer or with-
out the presence of a divalent cation had lower values of T
than the calcium treated cells which had significant changes
in their QELS signal, characterized by increases in Ty

B. Cholesterol effect

Increasing the cholesterol level of the RBC membrane leads
to a decrease in fluidity as measured by a fluorescent probe
which partitions into the membrane (Cooper et al., 1978).
Cell deformability was shown to decrease as the C/P ratio
increased using both the filtration assay (Cooper et al., 1975)
and micropipette aspiration of an entire cell (Shiga et al.,
1979).

The QELS studies comparing cholesterol loaded cells with
controls showed a clear increase in T, for the cells with
increased cholesterol levels (Figs. 3 and 4). This indicated
that changes in the composition of the cell membrane which
led to decreased deformability of the cell led to changes in
the QELS signal. This result is consistent with the data ob-
tained in the calcium studies where the less deformable cells
showed an increase in T,,.

Physiologic changes in membrane properties

During the 120 days that the human RBC spends in the blood-
stream, it undergoes changes which eventually lead to its
destruction. The precise mechanism leading to the removal
of aged cells by the reticulo-endothelial system has not been
identified, but it is generally believed that an important con-
tribution is the decreasing deformability of the cell as it ages
(Sutera et al., 1985). The deformability of aged RBCs has
been shown to decrease by micropipette aspiration studies
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(Nash and Wyard, 1981; Linderkamp and Meiselman, 1982;
Nash and Meiselman, 1983), experiments on cells subjected
to shear stresses (Sutera et al., 1985) and changes in filtration
times (Tillman et al., 1980). These studies have shown that
the membrane viscosity of the RBC increases significantly
with age, which leads to slower recovery times as its shape
is altered (Linderkamp and Meiselman, 1982; Nash and Mei-
selman, 1983). The RBC density also increases as the cell
ages due to water loss. This contributes to the decreased
deformability through an increase in cytoplasmic viscosity.
However, the overall decrease in deformability arises pri-
marily from the increased membrane viscosity with the in-
creased cytoplasmic Hb concentration making a lesser con-
tribution (Linderkamp and Meiselman, 1982; Nash and
Meiselman, 1983; Sutera et al., 1985).

As shown in Fig. 5, there is a significant difference be-
tween the values of T, for the oldest and youngest cells in
a RBC population. T, was increased in the older, less de-
formable cells relative to the younger more deformable ones.
This indicates that changes in the spontaneous dynamic prop-
erties of the RBC membrane can be measured for age sepa-
rated RBC populations. This age-dependent change in the
QELS signal is consistent with the previously studied ex-
amples where the less deformable cells showed increased
values of T,,,,. This demonstrates that physiologic, as well
as biochemically induced, changes in the deformability of the
membrane/cytoskeleton of single human RBCs can be moni-
tored using QELS.

SUMMARY

QELS spectroscopy has been applied to the study of indi-
vidual human RBCs and data were analyzed using autocor-
relation functions and power spectra. Both approaches
showed that a broad range of correlation times or frequency
components were present. The precise values calculated for
T.orr were a strong function of the sample time used. Anucle-
ate, mammalian RBCs had QELS signals similar to the hu-
man RBC, regardless of their cellular diameters or precise
ionic compositions. T, was increased for nucleated oval
shaped RBCs, further suggesting an origin of the signal from
the physical/mechanical properties of the membrane/
cytoskeleton and its associated spontaneous fluctuations.
The effects of biochemical modifications of the
membrane/cytoskeleton were examined. Increasing the
membrane cholesterol to phospholipid ratio and increasing
the intracellular calcium concentration have been shown to
decrease the deformability of the RBC. In both experiments,
RBCs which were made less deformable had increased val-
ues of T, This result gave further support to the membrane/
cytoskeleton as the primary source of the QELS signal and
showed that QELS could be used to measure changes of the
physical properties of the membrane/cytoskeleton. Deform-
ability of the RBC refers to its response to shape deformation
and is determined by cell geometry, cytoplasmic viscosity,
membrane rheological properties, and interactions between
all three of these (Chien, 1987). T, was increased for cells
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in buffers with increased osmotic strengths, indicating that
the increased cytoplasmic viscosity led to a slowing of the
motion of the membrane/cytoskeleton. Older RBCs, which
are less deformable, had increased values of T, relative to
younger cells. In the same way that the artificially induced
decreases in deformability led to increased values of T,,,,
physiological decreases in deformability, which occur in
older RBC:s relative to younger ones, also led to increases in
Teor- This demonstrated that QELS can be used to measure
physiological changes of the membrane/cytoskeleton.

The relatively simple structure of the human RBC has
allowed the membrane/cytoskeleton to be identified as the
primary source of the QELS signal (Tishler and Carlson,
1987). This association will allow studies to be made on
further biochemical alterations of the cell as well as the effect
of other physiological or pathological changes. The change
of various physical parameters can be studied in conjunction
with QELS and aid in the synthesis of a theory for the precise
physical basis for the QELS signal, which was not developed
here. In addition to the intrinsic interest of the RBC, it can
serve as a model for studying membrane motion in other cell
systems. The intrinsic fluctuations of cell membranes in
general—its physical and theoretical basis as well as its bio-
logical implications—are currently a subject of much interest
(Krol et al., 1990; Levin and Korenstein, 1991; Lipowsky,
1991), a subject that these data and this technique can play
a role in elucidating.

Many previous QELS studies of individual cells have fo-
cused on studying motion of cytoplasmic inclusions or in-
trinsic properties of the cytoplasm (Shaw and Newby, 1972;
Englert, 1980; Englert and Edwards, 1977; Piddington and
Satelle, 1975; Satelle and Piddington, 1975; Nishio et al.,
1983, 1985, Peetermans et al., 1986). The present work dem-
onstrates that membrane motion may make a contribution in
studies of cytoplasmic inclusions or diffusive processes and
that these contributions must be considered in the analysis of
QELS data from single cells. On another level, however, it
demonstrates that QELS is a potentially valuable technique
for studying intrinsic membrane properties in individual
cells.
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