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The binding of FITC-labeled poly-L-ornithine and poly-L-lysine to fresh or neuraminidase treated
human, rat or rabbit erythrocytes was investigated by simultaneous cell volume and cell membrane
fluorescence measurements in a flow cytometer. The cell volume was converted into cell surface and
the distribution curve of the fluorescence/pm? cell surface was calculated from all histogram classes by
a computer program. The mean fluorescence/pm’® cell surface as a measure of the density of the
negative charges on the cell surface was directly proportional to the electrophoretic mobility of the
erythrocytes, showing that polycation binding can effectively be used for the measurement of the
electrophoretic mobility of erythrocytes. The computer fitting of the experimental two parameter
histograms by two dimensional Gaussian normal distributions was found to be a very efficient way of
data reduction, and a good separation of overlapping cell clusters was possible even in the case of low

total numbers of cells in the histogram.

The electrophoretic mobility of cells is caused by the neg-
ative surface charges of the cell membrane. The main charge
contribution comes from the carboxyl group of the N-acetyl-
neuraminic acid residues covalently attached to glycoproteins
(10, 13). The electrophoretic mobility is an important cell
parameter because differences of the electrophoretic mobility
have been used for the characterization and separation of
heterogeneous cell populations in bone marrow, spleen, thy-
mus and lymph nodes (20-23). Furthermore the electropho-
retic mobility of cells may change during differentiation (23).

Several methods have been developed to determine the
electrophoretic mobility of cells. Microelectrophoretic meth-
ods (2, 10, 12, 14) accurately measure the mean electrophoretic
mobility of cells. It is, however, not possible to obtain reliable
distribution curves of the electrophoretic mobility as they are
required for the recognition of distinct cell populations be-
cause only a limited number of cells (50-100) can be measured
per experiment. Electrophoresis distribution curves are ob-
tained by analytical free flow electrophoresis (3), or laser
electrophoresis (7, 15). The last two methods require cell
suspensions in isotonic buffers of low ionic strength because
the cell migration in buffers of physiological ionic strength is
too slow. All three methods are one-parameter methods.

It would be of considerable biologic interest to measure the
electrophoretic mobility of cells simultaneously with other
parameters such as cell cycle phase, membrane antigens or
enzymatic activities. It is also desirable to measure electro-
phoresis distribution curves in buffers of physiologic ionic
strength in order to imitate the natural environment. of cells.
Flow cytometry seems suitable for such an approach, provided
a charge specific fluorescence label for cell surface charges is

available. We have investigated to determine if fluorescein-
ated polycations such as poly-L-ornithine and poly-L-lysine
are useful for this purpose.

MATERIALS AND METHODS

Fluorescence labeling of polycations: Poly-L-ornithine (mean
molecular weight (MMW) 122,000 daltons) and poly-L-lysine (MMW
70,000 daltons) (Sigma Chemical Co., St. Louis, Mo.) were covalently
labeled with fluorescein-isothiocyanate. (FITC, Merck, Darmstadt,
Germany). The high M.W. polycations were chosen because the intact
erythrocyte membrane is impermeable for them. The FITC concen-
tration during labeling was 85 pg/ml vs 1 mg/ml of polycation at pH
9.5 in a 0.1 M NaCl, 50 mM Na,CO; buffer. After 2 hr reaction at
room temperature the assay was dialyzed twice for 12 hr against 1
liter of 0.95% NaCl solution buffered to pH 7.4 with 5 mM Tris/HCl
(TBS). An average of one FITC residue was bound per 45 amino acid
residues of the polycation under these conditions. Precipitates were
formed at labeling ratios of more than one FITC residue per 30 amino
acid residues.

Erythrocyte staining: Human, rat or guinea pig erythrocytes
were obtained from the peripheral blood. The blood was drawn into
EDTA (ethylen-diamino-tetra-acetic acid) coated polycarbonate
tubes to prevent coagulation. Ten microliters of blood were washed
twice with 1 ml of 0.64% NaCl solution buffered with 8 mM Tris/HCl
to pH 7.4 (HTBS, 200 mOsmol) and resuspended in the same buffer
at a concentration of 5 X 107 cells/ml. The erythrocytes were sphe-
roids in the hypotonic buffer but no lysis occurred. Ten microliters of
the washed human, rat or rabbit erythrocyte suspension were added
to 500 ul HTBS buffer, followed by 5 ul FITC labeled polycation
solution (0.5 mg/ml). The erythrocyte membrane was well and evenly
stained and the cells did not aggregate or lyze. The stained erythro-
cytes were kept in the dark at 0°C before flow cytometric measure-
ments.
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Flow cytometric measurement: The cell volume and the cell
membrane fluorescence of the stained erythrocytes were measured
simultaneously in a FLUVO-Metricell flow cytometer (6). An orifice
of 85 ym diameter and 100 pm length was used for the electrical size
measurement with an orifice current of 0.50 mA and a particle flow
between 700-1000 particles/sec. The sheath flow was HTBS buffer.
The light for the fluorescence excitation was provided by a HBO-100
mercury lamp.

Data processing: The histogram data were collected and stored
in a multichannel analyzer within a 64 x 64 array and transferred to
magnetic tape after the end of the measurement. The histograms
were plotted as three dimensional graphs and printed as isoamplitude
plots (16). The stepsize in the isoamplitude plot was 10% of the
maximal amplitude. According to the degree of overlap of the cell
clusters in the isoamplitude plot, either analysis mode I or IT was used
for the calculation of the charge density distribution on the cell
membrane.

Analysis I: Limiting lines for each cell cluster were drawn in the
iscamplitude plot (Fig. 2) if the cell clusters were not substantially
overlapping. The mean ratio of the fluorescence/um?” cell surface and
the ratio distribution curve (Fig. 3) were calculated from all histogram
classes in each area by using a computer program described earlier
(16). The cell surface (S) is calculated in this program from the cell
volume (V) of the spheroid erythrocytes according to the formula: S
= 4.84.(V)*%_ The mean ratio of fluorescence/um? cell sarface was
then graphically correlated with the electrophoretic mobility (Fig. 5).

Analysis II: The analysis mode I is not accurate enough in case of
widely overlapping cell clusters. We developed, in analogy to the
analysis of overlapping one parameter volume distribution curves of
erythrocytes (19), a FORTRAN computer program (200 kbyte core
memory, Siemens 4004/150 computer) which approximates cell clus-
ters in experimental histograms by one or several two dimensional
Gaussian normal distributions. A two dimensional Gaussian distri-
bution with the center in the origin of a (§, n)-coordinate system and
with its axes in the £ and 7 direction is defined by:

1 2 2
mgm=Aew<3(%+}g>
7

where A = maximal amplitude of the two dimensional distribution;
o = S. D. in &-direction; o, = S. D. in y-direction. The cell clusters in
experimental histograms which are to be approximated are usually
shifted and rotated with respect to the origin and the axes of an
(x, y)-coordinate system. A transformation of the (x, y}-coordinates
into the coordinates £ 7 of an (£, n)-coordinate system whose origin
and axes coincide with the center and the axes of the two dimensional
distribution is defined by:

[1]

= (x— X)cos a+ (y — y)sin a
{2}

n=-—{(x—x)sina+ (y — y)cos «

(x, ) = coordinates of the mean value of the two dimensional
distribution; « = angle of rotation between the positive x-axis and the
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small axis (positive {-axis) of the two dimensional distribution. A sum
of several (N) two dimensional Gaussian distributions (gn(x, y)) is
defined by:

N
gnlx, y) = 2} Gnln(x, ¥), malx, 1))

where £,(x, y) and .(x, y) is calculated with mean values (x,, y.) and
rotation angles «, according to [2], and G, with amplitudes A, and
standard deviations o:™ and ¢, of the n'® Gaussian distribution. The
input parameters for the program are estimated values for X, ¥, o,
o, A and « for each two dimensional distribution. The estimated
parameters of each distribution are varied by the same iterative
procedure used earlier (19) until the error (E) is minimized. E is
defined as the sum of squared differences

E= _Zl (z(x;, 7)) — gnlxi, y))
i,)==

between the experimentally measured content z(x;, y;) of the histo-
gram classes with centers (x;, ¥;) and the sum of theoretical distribu-
tions g.{x;, y,) at these points. The data array was 64 histogram classes
(¢) in the x- as well as in the y-direction. After completion of the
approximation the improved parameters are printed. Furthermore
the experimental histogram, the theoretical distribution and the
difference between both are plotted. The difference plot contains
information if the remaining error (E) is due to a statistical scatter of
the residual channel contents above or below x, y-plane (cell volume,
cell fluorescence plane) or to a systematic deviation between experi-
mental and theoretical distribution. The scatter corresponds to the
statistical sampling error in the individual channels of the experimen-
tal histogram. The scatter becomes smaller with higher particle
numbers in the cluster area of the histogram. For further analysis of
the improved parameters it is of interest to know the 8.D. o, and o,
of the one parameter x and y distribution curves which are obtained
by summation of each two dimensional distribution along the y or the
x direction, respectively. The relation between oy, o, and the already
caleulated S.D. o, o, is given by:

ox = Joi' cos’a + o, sin’a
oy = Vo sin®a + ¢, cos’a

The C.V. CV, and CV, of the one parameter distributions are calcu-
lated as:

CV, = % 100 (%)

cv, =2
Y

100 (%)

The mean fluorescence/um?” cell surface in analysis mode II is deter-
mined as ratio between ¥ (Table I) and the cell surface which is
calculated from the cell volume (x, Table I) using the formula de-
scribed in analysis mode L.

TABLE 1
Fitting of Two Dimensional Gaussian Normal Distribution to Experimental Histograms

» Mean Value (classes) S. D. (classes) C. V. (%) Angle (fx) of Contribution
Erythrocytes - Rotation %)
X y oé on CV. Ccv, (degrees)
Rat 22.5 19.0 2.03 5.54 234 14.0 -704 40.4
Human 34.8 22.0 278 7.18 19.2 16.7 —68.6 23.7
Rabbit 29.1 144 1.49 4.07 134 12.7 -73.1 35.9
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Electrophoretic mobility measurement: The mean electro-
phoretic mobility of erythrocytes was determined in a Zeiss micro-
electrophoretic system (12) in 0.95% NaCl solution buffered with 5
mM Tris/HCl to pH 7.4. The chamber was rectangular and measured
20 x 14 mom with a depth of 0.7 mm. The mean electrical field was 4
V/cm. The time for 10 pm migration of individual erythrocytes was
punched on paper tape. The mean electrophoretic mobility was
calculated with a digital computer from the data on the paper tapes.

Neuraminidase treatment of human erythrocytes: Human
erythrocytes at a concentration of 2 X 10° cells/ml were suspended in
TBS pH 7.4 containing 9 mM CaCl, and vibrio cholerae neuramini-
dase (Behringwerke, Marburg, Germany) at a concentration of 10 U/
ml. The assay was incubated for 30 min at 37°C, washed twice with
10 ml TBS and resuspended at a concentration of 2 X 107 cells/ml in
the same buffer.

RESULTS

A mixture of rabbit, human and rat erythrocytes was stained
with FITC-poly-L-ornithine. The three types of erythrocytes
were chosen because they differ in their electrophoretic mo-
bilities (0.42, 1.08, 1.34 X 10™ cm?/V-sec) and in their cell
surfaces (113, 130, 98 um?). Both parameters are not corre-
lated. If the flow cytometric method is valid, the fluorescence/
pm?” cell surface should indicate the surface charge density of
the cell membrane irrespective of the total cell surface. The
cell volume vs cell membrane fluoresence histogram (Fig. 1)
shows two peaks (rat, rabbit) and one shoulder (human). In
the isoamplitude plot (Fig. 2) the three cell clusters appear as
overlapping ellipsoids. Each cluster is limited by lines for the
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calculations according to analysis mode 1. The fluorescence/
pm” cell surface ratios were caleulated for all histogram chan-
nels and for the channels of each of the three limited areas.
All ratio distribution curves were plotted (Fig. 3a, b). The
ratio distribution curves of the three erythrocyte clusters are
symmetrical (Fig. 3b) with C.V. of 12.8, 11.0 and 13.2% for
rabbit, human and rat erythrocytes. The ratio distribution for
all histogram channels (Fig. 3a) shows only two peaks. They
correspond to rabbit and rat erythrocytes, while the human
erythrocytes are not apparent as a separate peak or shoulder.
They are hidden by the rat erythrocyte peak. The approxi-
mation of the experimental two parameter histogram (Fig. 4a)
with three two-dimensional Gaussian normal distributions
according to analysis mode II (Fig. 4b) is a satisfactory model
because it leaves an empty cell volume-cell fluorescence plane
in the difference plot (Fig. 4c). It may be argued that the
human erythrocytes are not clearly visible as a separate peak
(Figures 1 and 4a) or cell cluster (Fig. 2), and if this histogram
was to be analyzed without knowing its composition one would
not suspect the presence of a third population of erythrocytes.
This is not true because approximation with two populations
leaves systematic deviations from flatness in the difference
plot (Fig. 4d) and C.V. in the direction of the volume axis
(CV,) is then 31%. This is not reasonable from a biological
point of view because CV; over 25% do not occur in homoge-
neous erythrocyte populations. Both observations are, there-
fore, indicators for more than two populations of cells in this
histogram. The experimental histogram (Fig. 4a) contains
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F1c. 1. Three dimensional plot of a cell volume (x-axis) vs cell fluorescence (y-axis) histogram of a FITC-poly-L-ornithine stained mixture
of 41% rat, 35% rabbit and 24% human erythrocytes. The number of cells in each histogram class is plotted in direction of the z-axis. The
histogram contains 34542 particles with 282 particles at the maximum amplitude.
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Fic. 2. Isoamplitude plot of the histogram of Figure 1 in the direction of the z-axis. The plot is normalized to the maximum amplitude { )as
100%. The range 0-100% is divided into classes with 10% class width which are numbered from 0-9. Histogram classes with number 0 (0-9.99%
of maximum) are suppressed in the printout. The broken lines limit three areas. The coordinate pairs at the corners of the areas were used for
the calculation of the charge density distribution according to analysis mode. I. One volume class corresponds to 4.02 pmn?,

only 34,542 cells and 282 cells as the maximum channel
content. Nevertheless this histogram was chosen as an exam-
ple for the fitting of two dimensional Gaussian distributions
to experimental histograms because it shows that the statis-
tical uncertainty of the channel contents does not influence
the approximation. The statistical scatter of the channel con-
tents is left over in the difference plot (Fig. 4c) as noise above
and below the cell volume-cell fluorescence plane. The advan-
tages of the fitting of two dimensional Gaussian normal dis-
tributions are: resolution of superimposed cell clusters and
efficient data reduction to a few parameters (Table I). The

reduction is from 64 X 64 = 4096 values to 6 descriptors (factor
683) per two dimensional distribution (x., ¥, os, 0,, «, and %
contribution). The reduction is much better than in a one
dimensional analysis e.g. of a volume distribution curve where
a 64 channel histogram is reduced to 3 descriptors (factor 21)
per one dimensional Gaussian distribution (x,, 0., and %
contribution). The mean fluorescence/um? cell surface deter-
mined by both analysis modes was plotted against the electro-
phoretic mobility of the erythrocytes (Fig. 5) which was
determined separately by microelectrophoresis. The fluores-
cence/um’” cell surface ratios of all cell types are well corre-
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F1c. 3. Charge density distribution curve of rabbit, human and rat erythrocytes calculated according to analysis mode I from the total
histogram (a) or from each cell cluster (b) of the histogram of Figure 2 separately.

lated with the electrophoretic mobility in a linear relationship.
A further test for the charge specificity of polycation binding
was the removal of the neuraminic acid residues from the cell
membrane by incubation of human erythrocytes with neura-
minidase. The decreased neuraminic acid content of the eryth-
rocyte membrane after the incubation decreases both the
polycation binding capacity of the erythrocyte membrane and
the electrophoretic mobility of human erythrocytes (Fig. 5),
indicating that polycation binding to erythrocyte membranes
is a charge specific reaction which is adequately measured by
flow cytometry. Similar results were obtained with FITC-
poly-L-lysine instead of FITC-poly-L-ornithine.

DISCUSSION

The main result of this study is that binding of FITC labeled
poly-L-ornithine and poly-L-lysine is proportional to the elec-

trophoretic mobility of erythrocytes (Fig. 5). This shows that
the polycations bind preferentially to-those charges of the
erythrocyte membrane which contribute to the electropho-
retic mobility. Negative charges which are located deeper in
the cell surface coat are apparently not stained. Poly-L-lysine
binding has been shown to be charge specific by previous
biochemical studies (1, 11). It binds preferentially to erythro-
cyte membrane glycoproteins. The poly-L-lysine binding of
these proteins is substantially reduced or abolished if their
neuraminic acid is removed (1). Poly-L-ornithine or poly-L-
lysine have a strong tendency to aggregate erythrocytes (8).
Aggregation does, however, not occur under our assay condi-
tions (Fig. 4a). This is probably due to the low erythrocyte
concentration (3 X 10°/ml) and to the polycation concentra-
tion of 5 pg/ml. The electrophoretic mobility of human eryth-
rocytes at this concentration is +0.70 X 107 em?®/V-sec, as
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Fic. 4. Approximation of the histogram of Figure 2 (a) by three two-dimensional Gaussian normal distributions (b) according to analysis
mode II. Each theoretical distribution is plotted to the point from which the next distribution has a higher amplitude. Figure 4b is therefore
no additive curve. The advantage of this type of plotting is that the location of the individual theoretical distributions is better visible. The
difference plot (c) between the experimental histogram and the sum of the theoretical distributions leaves an essentially flat cell volume-cell
fluorescence plane. The difference plot (d) shows systematical deviations from a flat cell volume-cell fluorescence plane when the histogram

is approximated by only two Gaussian distributions.

compared to zero at 2 ug/ml and ~1.08 X 107" ecm®/V.sec
without poly-vL-ornithine. Similar results were obtained with
poly-L-lysine. The spheroid shape of the erythrocytes in hy-
potonic solution is also in favor of nonaggregation because the
areas of interaction are smaller in spheroid than in biconcave
erythrocytes. The main purpose of erythrocyte swelling was
to apply an easy formula for conversion of erythrocyte volume
into erythrocyte surface. Swelling is, however, not a manda-
tory condition for the method because erythrocytes in isotonic

solution can also be measured. Biconcave erythrocytes are
deformed by the hydrodynamic acceleration forces to rota-
tional ellipsoids in the sizing orifice (4). It is possible to
calculate the surface of rotational ellipsoids if the volume and
the length to diameter ratio of the ellipsoids is known. The
ratio can be determined from photographs of the erythrocytes
during passage through the orifice (5). This procedure is,
however, more complicated than preswelling of the erythro-
cytes.

FLUZRESC.

FLUBRESC.
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The coefficients of variation of the flow cytometrically
determined charge density distributions (Fig. 3b) are usually
between 10-15%. This is comparable to the results of laser
electrophoresis (15):but higher than the 3-4% C.V. obtained
by the analytical free flow system (3). It should be possible to
reduce the C.V. of the flow cytometric curves in the future by
using higher light intensities for fluorescence excitation and
smaller orifices for electrical sizing. The high C.V. decrease
the resolution of distinct erythrocyte populations in the charge
density distribution calculated for all erythrocytes (Fig. 3a) of
the two parameter histogram (Fig. 4a). It is not possible to
distinguish a separate peak or shoulder for human erythro-
cytes. The human erythrocyte cell cluster is, however, distin-
guishable in the original two parameter histogram (Fig. 2).
The conclusion from this is that the resolution of the flow
cytometric method is similar to the analytical free flow elec-
trophoresis (3) provided the charge density distribution for
each cell cluster is calculated separately from the two param-
eter histogram (Fig. 3b). The calculated charge density distri-
bution for all erythrocytes (Fig. 3a), in contrast, is not well
suited to resolve complex cell mixtures at present.

The sensitivity of the flow cytometric method is superior to
all three other methods because only 0.3-1 X 10° cells are
needed per measurement. This is substantially lower than the
5 X 10°-1 X 107 cells which are necessary in free flow, laser or
microelectrophoretic systems. The low number of cells needed
for the flow cytometric method is especially an advantage in
cell separation studies where the number of available cells is
usually limited.

An application of the flow cytometric method is the mea-
surement of the erythrocytes of young rats, guinea pigs and
sheep during the first month after birth. The mean electro-
phoretic mobility of the erythrocytes increases slowly during
this time. Several distinct erythrocyte populations are pro-
duced by the hematopoietic tissues (17-19) within the same
time period. It is of interest for the understanding of the
underlying regulatory mechanisms of differentiation, whether
each erythrocyte population has a different electrophoretic
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mobility or whether all erythrocytes gradually change their
electrophoretic mobility i.e. their membrane charge architec-
ture. Another important problem is the measurement of nu-
cleated haematopoietic cells. The cell surface coat of these
cells is thicker than that of erythrocyte membranes (22) and
contains more negative charges. Their electrophoretic mobil-
ity is, however, lower than the electrophoretic mobility of
erythrocytes. This means that only a fraction of all negative
membrane charges contributes to the electrophoretic mobil-
ity. It is desirable to develop stains which either indicate all
negative membrane charges or only those which are effective
for the electrophoretic mobility.

The determination of charge density distributions on eryth-
rocyte membranes was only possible because a combined cell
volume-cell fluorescence measurement was made. It is impor-
tant to realize that this type of measurement has a much
broader application. It is possible to express many flow cyto-
metric data in terms of concentration or of mean surface
density if cell content signals (e.g. protein, enzyme activities,
metabolites, antigens and receptors) and the cell volume are
measured together. The comparison of concentration values
is often more informative in a biochemical sense than a
comparison of the contents of different cell types. The useful-
ness of the cell volume parameter in multiparameter flow
cytometric measurements is therefore twofold. Volume distri-
bution curves of cells contain information by themselves and
additionally serve as reference parameter for flow cyto-
metric biochemistry. One may object that in case of a
preferential location of substances on certain parts of the cell
membrane (caps) or within organelles (nucleus, mitochondria,
Golgi apparatus) of the cytoplasm an accurate determination
of the true surface densities or concentrations of substances
at these locations may not be possible. This is true but
compared to cell disruption, followed by biochemical mea-
surements in homogenates or fractionated homogenates as an
alternative, the flow cytometric measurement can often be
performed in living cells which is an important advantage.
Imaging in flow (4, 9) will become a valuable tool in the future
to decide quickly whether the surface density of the cytoplas-
mic concentration of labeled substances in cells is homogene-
ously distributed or not.
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