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ABSTRACT With human and bovine red blood cells and Escherichia coli B, dielectric
breakdown of cell membranes could be demonstrated using a Coulter Counter (AEG-
Telefunken, Ulm, West Germany) with a hydrodynamic focusing orifice. In making
measurements of the size distributions of red blood cells and bacteria versus increasing
electric field strength and plotting the pulse heights versus the electric field strength,
a sharp bend in the otherwise linear curve is observed due to the dielectric breakdown
of the membranes. Solution of Laplace’s equation for the electric field generated
yields a value of about 1.6 V for the membrane potential at which dielectric break-
down occurs with modal volumes of red blood cells and bacteria. The same value is
also calculated for red blood cells by applying the capacitor spring model of Crowley
(1973. Biophys. J. 13:711). The corresponding electric field strength generated in the
membrane at breakdown is of the order of 4- 10° V/cm and, therefore, comparable
with the breakdown voltages for bilayers of most oils. The critical detector voltage
for breakdown depends on the volume of the cells. The volume-dependence predicted
by Laplace theory with the assumption that the potential generated across the mem-
brane is independent of volume, could be verified experimentally. Due to dielectric
breakdown the red blood cells lose hemoglobin completely. This phenomenon was
used to study dielectric breakdown of red blood cells in a homogeneous electric field
between two flat platinum electrodes. The electric field was applied by discharging a
high voltage storage capacitor via a spark gap. The calculated value of the membrane
potential generated to produce dielectric breakdown in the homogeneous field is of
the same order as found by means of the Coulter Counter. This indicates that me-
chanical rupture of the red blood celis by the hydrodynamic forces in the orifice of the
Coulter Counter could also be excluded as a hemolysing mechanism. The detector
voltage (or the electric field strength in the orifice) depends on the membrane composi-
tion (or the intrinsic membrane potential) as revealed by measuring the critical voltage
in E. coli B harvested from the logarithmic and stationary growth phases. The critical
detector voltage increased by about 30%; for a given volume on reaching the stationary
growth phase.

INTRODUCTION

A Coulter Counter is an electric transducer for the counting and sizing of nonconduct-
ing particles suspended in an electrolyte medium. The principle of operation of the
Coulter Counter is based on the change in electrical resistance that occurs when the
suspension is sucked through a narrow orifice across which there exists an electric
field. To a first approximation, the resulting current or voltage pulse is proportional
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to the size (size = shape factor x volume) of the particle. Therefore, the particle size
distribution can be obtained by a pulse height analysis after a linear amplification. Due
to the inhomogeneities of the electric field strength in and near to the orifice the pulse
height is dependent on the path of the particle through the orifice and on its orienta-
tion. Hence, the resulting size distribution is distorted (skewed) (1,2). An extensive
analysis concerning the electrical and hydrodynamic factors involved in the transduc-
tion of particle size into resistance change in such orifices was given by Grover et al.
(3-5). Asdemonstrated elsewhere (6-9) an unskewed and true representation of a par-
ticle size distribution can be obtained by hydrodynamic focusing of the suspension
stream. With this improved detector system all particles travel along the same path
at the center of the orifice and with the same orientation and therefore, skewness is
eliminated.

In measuring the size distribution of particles with this detector system it would be
expected that the pulse height corresponding to each size of the distribution would
increase linearly with increasing detector current, as predicted by Ohm’s law. This is
indeed true for Latex particles and fixed cells, but using living bacteria, red blood cells,
and algal cells a rather sharp bend in the expected linear curve was observed (6,8,10).
Since a conceivable change of the shape factor could be excluded (8) (see also below),
the change in slope pointed to an increase of the conductance of the cell membrane
which normally acts as an insulator. When the current flows partly through the cell
interior the cell volume will be underestimated. This is so because the change in re-
sistance of the current constriction due to the presence of a conducting particle as it
passes through the orifice is less than that caused by a nonconducting particle of the
same size. The increase of the membrane conductance inferred has been interpreted in
terms of a dielectric breakdown, although a *“punch-through” effect was also con-
sidered. A “punch-through” effect was first observed by Coster (11-13). On mea-
suring the current-voltage characteristics of the membranes of Chara australis Coster
found for sufficiently large hyperpolarizing potentials that the current suddenly in-
creased very markedly. In contrast to dielectric breakdown “‘punch-through” results
in a reversible permeability change of the membrane, i.e. without “rupture” of the
membrane. As described elsewhere (8,10), we could demonstrate that for red blood
cells a total release of hemoglobin occurred after passage of the cells through the
electric field in the orifice. Hence, it may be safely assumed that the observed shift
in the size distribution towards smaller values at high detector currents does not re-
flect a “punch-through” effect.

In this paper, we bring together all the data of experiments which support the notion
of the dielectric breakdown phenomenon and virtually rule out the alternative mecha-
nism of mechanical rupture of the membrane which could perhaps contribute partly to
the apparent breakdown, particularly when using red blood cells or algal cells lacking
a cell wall (8). These latter cells are deformed strongly by the hydrodynamic forces in
the orifice (9). Finally we tried to elucidate some parameters on which the critical
detector current, producing breakdown, depends.
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MATERIALS

Human and bovine blood was withdrawn from apparently healthy donors and stored under
sterile conditions in ACD buffer at 4°C for not more than 2 days. The red blood cells were
prepared in the usual way (14). For sizing at different detector currents the cells were sus-
pended in isotonic NaCl-solution (0.9%;).

E. coli B 163, requiring methionine, histidine, and leucine for growth, were grown and har-
vested as described in detail previously (15). Breakdown investigations were performed for cells
harvested from the logarithmic as well as from the stationary growth phase in the same elec-
trolyte, i.e., in the nutritive medium of the following composition: KCl, 30 mM; MgCl,, | mM;
Na,HPO,, 90 mM; NaH,PO,, 30 mM; (NH,),SO,, 15 mM; glucose, 0.5%, histidine and
leucine 100 mg/1.

Methionine was omitted so as to stop the growth during the measurement period.

METHODS

Coulter Counter

Electronic measurement of size was performed with a Coulter Counter (AEG-Telefunken,
Germany). The detector system and the hydrodynamic focusing of the suspension stream were
described previously (6). For measuring bacteria suspensions an orifice 20 um, in diameter and
length, was used; for measuring red blood cells an orifice 40 um, in diameter and length, was
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FiGURE | Current-voltage characteristic for a detector orifice of a diameter of 20 um (squares),
electrolyte: nutritive medium; and of 40 um (circles), electrolyte: 0.9, NaCl solution.
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FIGURE 2 Size distribution of Latex particles with diameters of 0.810 um, 1.011 um, and
1.857 um. Orifice: 20 um in diameter and length; detector current: 1.0 mA; electrolyte: 0.9%;
NaCl solution. Plots of the mean volume (given by the manufacturer) of the particles (right
ordinate) vs. the pulse height of the mean (modal) size, showing the linear relationship between
these parameters.

used. The velocity of the flow through the orifice was about 2 m/s. The electronic parameters
for the amplification of the pulses generated by the passage of the particles through the orifice
were set according to the manufacturers instructions. A crucial condition for the investigation
of dielectric breakdown phenomena by means of this Coulter Counter is the requirement that
the voltage-current-characteristic of the detector system be linear and that a pulse height be
linearly dependent on the size of the particles at given conductivities of the electrolyte, de-
tector currents, and amplifications. Fig. 1 shows the voltage current characteristic of the
20-um and 40-um orifices. It is seen that a linear dependence exists for detector currents in
the range of 0.1-1.2 mA. Fig. 2 shows the mean volume of Latex particles, of different diam-
eters, measured with an orifice of 20 um, as a function of the channel number (pulse height)
corresponding to the mean (= modal) size. The correlation coefficient for the straight line is
0.9999, indicating that the pulse height indeed does depend linearly on volume. The same re-
sult was obtained with an orifice 40 um in diameter and length.

Impulse Method

In order to rule out mechanical rupture of red blood celis by deformation in the hydrodynamic
flow field in the orifice, dielectric breakdown was also investigated by placing red blood cell
suspensions between two flat platinum electrodes (2.5 x 2.5 cm) in a thermostated Plexiglas
chamber. The distance between the electrodes was 1 cm, and the chamber was a part of a high-
voltage discharge circuit (16). The high voltage storage capacitor was discharged via a spark
gap and in this way the potentials were applied to the electrodes of the chamber. The voltages
were varied between 2 and 7 kV. The resistance of the chamber when filled with the suspension
was 10 © and the electrical decay constant was 27 us. After application of the potential the
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FIGURE 3 Size distributions of Latex particles (1.857 um in diameter) as a function of detector
current (0.1-1.1 mA). Orifice: 20 wm in diameter and length; electrolyte: 0.9%; NaCl solution.

suspensions were centrifuged at 10,000 g, and the hemoglobin released in aliquots of super-
nate were measured with a Zeiss spectrophotometer (Carl Zeiss, Inc., New York) at 398 nm.

RESULTS AND DISCUSSION

Size Distributions and Their Dependence on the Detector Voltage

In Fig. 3 the size distributions of Latex particles (diameter = 1.857 um) measured with
a 20 um orifice are given at different detector currents (0.1-1.1 mA). The size distribu-
tions are normally distributed. The standard deviation is of the same order as the
deviation given by the manufacturer (Serva, Germany) (see also ref. 9). For reasons of
clarity plots are also given in Fig. 4 of the dependence of the pulse heights (channel
numbers) of the size distributions on the detector voltage. The voltage values were
calculated from the voltage current characteristic of a 20 um orifice as shown in Fig. 1.
For each size a linear curve is obtained with a correlation coefficient of 0.9999.

In Fig. 5 typical size distributions of human red blood cells at different detector cur-
rents are plotted. The size distributions are normally distributed. Similar size dis-
tributions were also found for bovine red blood cells (10). Calibration of the channel
numbers with Latex particles size distribution the mean (= mode) volume of the hu-
man and bovine red blood cells could be calculated from

VR = (fl./fk) VL’ (l)

where f, and f; are the shape factors of the Latex particles and of the red blood
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FIGURE4  Pulse heights (channel numbers) of the size distributions presented in Fig. 3 as a func-
tion of the detector voltage. The detector voltage was calculated from the current-voitage char-
acteristic of Fig. 1. Triangles: pulse heights corresponding to the modal (= mean) volume of 3.353
gm’; squares: pulse heights corresponding to a smaller volume of 3.194 um?; circles: pulse
heights corresponding to a larger volume of 3.497 um?®.

cells, respectively, and ¥V, the volume of the Latex particles. The shape factor of the
spherical Latex particles was 1.5, whereas the shape factor of the human and bovine red
blood cells was 1.07 according to Thom (9). The shape factor for the red blood cells is
smaller than the value of 1.18 measured by Grover et al. for the a-mode of human red
blood cells, largely because of the large hydrodynamic forces at the entrance of the
orifice in our detector system. Using the above values for the shape factors, the
average mean volume of human and bovine red blood cells was calculated to be 81
um?® (76-87 um®, in 7 measurements) and 51 um? (43-57 pm?, in 11 measurements),
which is in agreement with literature (9). '

On plotting different pulse heights (channel numbers) of the human and bovine red
blood cell size distributions against detector voltage characteristic sharp bends in the
linear curves were observed (Fig. 6 a and 6 ). The correlation coefficients are 0.9998
for all curves below and above the critical voltage at which the change in slope occurs.
The critical voltage depends on the cell size, i.e. with increasing size the critical voltage
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FiGURE 5 Size distributions of human red blood cells as a function of the detector current
(0.12-1.0 mA). Orifice: 40 um in diameter and length; electrolyte: 0.9%; NaCl solution.
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FIGURE 6 Dielectric breakdown of the membrane of human and bovine red blood cells. Pulse
heights (channel numbers) of the size distributions of human red blood cells (presented in Fig. 5),
and bovine red blood cells (not shown) are plotted as a function of the detector voltage. The
detector voltage was calculated from the current-voltage characteristic of Fig. 1. (Part a:
human red blood cells; part b: bovine red blood cells). Squares: pulse heights corresponding to’
the modal (= mean) volume of 80.7 am’; triangles: pulse heights corresponding to a smaller
volume of 62.9 um?; circles: pulse heights corresponding to a larger volume of 100.3 pm’.
Filled squares: pulse heights corresponding to the modal (= mean) volume of 48.9 pm?; filled
triangles: pulse heights corresponding to a smaller volume of 36.5 um?; filled circles: pulse
heights corresponding to a larger volume of 74.0 um®. The volumes were calculated from Eq. 1.
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decreases. Since bovine red blood cells are smaller, the critical voltages are always
higher than those required for the same sizes of human red blood cells.

The apparent shift of the human and bovine red blood cell size distributions towards
smaller values at higher detector currents or voltages could at first sight perhaps be
thought to arise from a change of the shape factor, particularly on taking into account
the theoretical calculations of Allan and Mason (17) and experimental results obtained
by Grover et al. (5) on the influence of the electric field strength on shape. Grover et
al. observed that at a certain critical electric field strength in the orifice the size (but
not the volume!) of the cells decreased for an increase in field strength. The value of the
critical electric field strength above which the apparent size was changed, was about
0.8 kV/cm for human red blood cells in isotonic phosphate-buffered saline and was in-
dependent of the orifice dimension and the current. This value is much lower than the
critical voltages observed in our experiments (see also below). Furthermore, a change
in the shape factor value cannot play a large role in our detector system, since for
example the mean size of the human red blood cell size distributions is underestimated
by 33%. This would correspond to a change in the shape factor from 1.0 to 0.75, which
is impossible since the lowest limit of the shape factor is 1.0 for an infinite cylindrical
particle.

Therefore, the sharp bend must be related to a change of the effective volume mea-
sured by the Coulter Counter. This is particularly indicated by our previous measure-
ments on bacteria (6), where no deformation was observed due to the rigid cell wall.
The only adequate explanation then is that the conductance of the membranes in-
creases at a certain critical voltage or electric field strength in the orifice.

Calculation of the Critical Membrane Potential

The potential, V,,, generated across the membrane which was responsible for the
change in the membrane conductance, can be roughly calculated by the application of
the Laplace theory (Appendices I and II). Assuming a linear potential gradient £, in

TABLE 1

Ve CALCULATED FOR BOVINE AND HUMAN RED BLOOD CELLS IN THE 40 ym
ORIFICE OF THE COULTER COUNTER

. . Breakdown§  External Vs Vago |l
Modal "o giuse Major =~ Minor = "y dor  fild  spherical ecllipsoidal
volume semi-axis] semi-axis}
voltage strength Eg  coord. coord.
um 3 um um um | 4 Veem™! | 4 | 4
Human red
blood cells 80 2,67 6.34 1.74 13 3,250 1.3 22
Bovine red
blood cells 45 221 5.25 1.44 16.8 4,200 14 23

*Radius of the corresponding spherical volumes.

1 Data calculated for prolate ellipsoids according to Thom (9).

§Data taken from Fig. 6.

| Caiculated from the major semi-axis parallel to the external field strength.
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TABLE 11

Vpy CALCULATED FOR E. COLI B 163 IN THE 20 ym
ORIFICE OF THE COULTER COUNTER

. . Breakdown§  External Vs Vs,
(I:e" Radius® Mo , se":]'i“::is ,  detector field  spherical ellipsoidal
volume -axi ) voltage strength Eg  coord. coord.
;un3 um um um 14 Veem™! v vV
E. coli .
B163 1.43 0.702 1.425 0.49 204 10,200 11 1.6

*Radius of the corresponding spherical volume.

1 Data taken from electron micrographs.

§Data taken from Fig. 9 for the logarithmic phase of growth.

|l Calculated for the major semi-axis parallel to the external field.

the orifice the membrane potential V,, generated for spherical particles is given by
Eqgs. 15 and 16, and for ellipsoidal particles by Eq. 17. Using 4.2 kV/cm for the linear
gradient calculated from Fig. 6 b, V,, is calculated to be 1.4 V for the modal volume of
45 um’ of the bovine red blood cell distribution (using a spherical approximation) and
about 2.3 V (using an ellipsoidal approximation) (Table I). Values of the same order
of V,, were also obtained for the mode volumes of human red blood cells (1.3 resp.
2.2 V) and bacteria (1.1 resp. 1.6 V) (Table IT). If we assume that the critical membrane
potential ¥, is independent of the volume, the critical external electric field strength
(or the detector voltage and current, respectively) should increase for decreasing cell
volume (Egs. 15-17).

This was found experimentally for bacteria and red blood cells. In Fig. 7 the de-
pendence of the external electric field strength is plotted versus the volume of the
bovine red blood cells. The data for these plots were taken from Fig. 6 5. Bovine red
blood cells were used since the distributions are broader than those of human red blood
cells and bacteria. If we use an average value of 1.6 V for V,, the dependence of the
external electric field strength on volume can be calculated from Eq. 15. According to
Fig. 7 the agreement between the theoretical calculation and the experimental finding is
fairly good.

If we assume that the voltage of 1.6 V drops across the bimolecular lipid leaflet the
electric field strength in the membrane is on the order of 4 to 5 - 10° V/cm. This value is
comparable with the breakdown voltages for bilayers of most oils which are on the or-
der of 20- 10° V/cm (18), particularly if the intrinsic membrane electric field strength is
taken into account on which the applied electric field strength is superimposed. The
magnitude of the intrinsic electric field can be estimated assuming that the double fixed
charge model used by Coster (13) to explain the “punch-through” effect is also an ade-
quate model for dielectric breakdown.

Coster’s calculations are based on the proposition that the trilayer structure of the
cell membranes seen under the microscope reflect a double fixed charge model rather
than a dimensionally fixed bimolecular layer. In the model one-half of the membrane
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FiGURE 7 The external electric field strength producing dielectric breakdown as a function of the
particle volume. Circles: external electric field strength (calculated from Eq. 15) vs. the volume;
squares: external field strength as a function of the cell volume. The field was calculated from
the critical detector voltage of bovine red blood cell distributions measured with an orifice of a
diameter and length of 40 um. Data were taken from Fig. 6 b.

contains a predominance of positive charges and the other a predominance of negative
charges. The junction between the two lattices bearing charges of opposite signs gives
rise to a transition region, the depletion layer, in which the space charge density is
very high due to the lack of mobile counterions. Therefore, the electric field strength
in this central region is very high compared with the weak electric field strength in the
remainder of the two lattices. Coster calculated a value of the order of 10° V/cm for
the electric field strength in the depletion layer, even with zero potential across the
membrane. This means that the intrinsic electric field strength could contribute con-
siderably to the total electric field strength, which is responsible for the discontinuity
observed.

It is also necessary to consider a possible contribution of a polarization mechanism
involving the ionic atmosphere on the cell surface as discussed by Neumann and
Rosenheck (16) for chromaffin granules. In general, the surface charge density of the
membrane is very high. Therefore, the ion density in the ion cloud is much higher than
that of the surrounding electrolyte. A displacement of the ion cloud relative to the
surface due to the electric field in the orifice results in a polarization. The relaxation
time 7 of the counterion polarization can be calculated according to Schwarz (19) from
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(for spherical particles),
7 = r*/2ukT, (2)

where 7 is the radius, u the mobility of the counterions in the ionic atmosphere, T the
absolute temperature, and & the Boltzmann constant. Using a mean value of 2 um for
the radius of bovine red blood cell, a value of 6- 10 cm-s~!. dyn~! for the mobility u,
and T = 295°K, the relaxation time is calculated to be 820 us. For bacteria (see below)
the relaxation time is about 75 us, using a mean radius of about 0.6 um. Since the
particles cross the orifice in 20 us as found by pulse observation with an oscilloscope
we can conclude that a polarization effect cannot play an important role in our experi-
ment.

The calculated voltages and the agreement between the theoretical and experimental
volume dependence of the critical voltages point to a dielectric breakdown of the cell
membranes in the orifice of the Coulter Counter. This assumption is also supported by
applying the electromechanical model of Crowley (18) to our results. Crowley investi-
gated the electrical breakdown of bimolecular lipid membranes and considered the
membrane as an elastic system subject to a compressive electric force caused by applied
voltages. The treatment of the bilayer film in this way was supported by the work of
White and Thompson (20). Crowley calculated the stability of an elastic condensator
(capacitor spring model) assuming that the elastic force which obeys Hooke’s law be-
tween the capacitor plates, is balanced by the electric compressive tension.

—€eV?/21* = E-In (/L) 3)

where E is Young’s modulus, e is electrical permittivity, / is thickness of the membrane
at voltage V, and L is original thickness of the membrane.

Introducing A = L — / and expanding the logarithmic function in Eq. 3 in a Taylor
series, the relative change of the distance between the two plates (the thickness) is ini-
tially proportional to the square of the voltage,

AJL ~ eV*J2EL? = (C,- V?)/2EL 4)

where C, = ¢/L is the capacitance. A numerical solution of Eq. 3 shows that the
displacement approaches infinity for a finite value of ¥ and that such an electro-
mechanical instability occurs at a value of 0.18 for ¢ V2 /2EL>.

Crowley could aiso show that the same equation for the critical voltage producing
breakdown is obtained using a flexible membrane model. Using an average of 7 - 10
dyn/cm? (21,22) for the Young’s modulus of the human red blood cells (but see also
the objections against this value made by Hochmuth et al. [23]) and for C, = 1 uF (24),
the critical voltage producing breakdown was calculated to 1.6 V. This value is in very
good agreement with our present results calculated with the use of Laplace’s theory,
without consideration of the intrinsic potentials in the membrane. We feel that this is
not a fortuitous result, but further confirms our dielectric breakdown hypothesis.
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FIGURE 8 Diclectric breakdown of bovine red blood cells in homogeneous electric fields. The
content of hemoglobin in the supernate as a function of the total hemogiobin content is here
plotted as a function of the applied field strength.

Dielectric Breakdown in Homogeneous Electric Fields

Since the electric field in the orifice is nonuniform and the assumption of a linear
gradient for the solution of the Laplace equation is very rough, we performed experi-
ments on the effect of an electric field on red blood cells suspensions between two flat,
platinum electrodes in a thermostated Plexiglas chamber. The electric field was applied
by discharging a high voltage storage capacitor via a spark gap. Bovine red blood
cells were used since it was discovered recently that a total release of hemoglobin from
red blood cells occurs after passage through the orifice of the Coulter Counter if the
detector current was high enough. As pointed out earlier this finding eliminates other
possible mechanisms such as a “punch-through” effect or a transient membrane per-
meability change (as detected by Neumann and Rosenheck in the membranes of vesi-
cles storing biogenic amines [16]—see also above).

This experiment was also performed to show whether or not mechanical breakdown
(21, 25) as well as the electrical breakdown phenomenon needs to be taken into ac-
count. The results of these experiments are shown in Fig. 8. The hemoglobin content
of the supernate, which was taken as indicator of cells in which dielectric breakdown
had occurred, is here plotted against the external electric field strength. A nearly
S-shaped curve is obtained. The start of dielectric breakdown is observed at 2.7 kV/
cm. At 5.5 kV/cm nearly all cells had lost their hemoglobin. The inflection point of
the curve indicates the dielectric breakdown of the mean (or mode) of the size distribu-
tion. The external field strength of 4.4 kV /cm corresponds quite closely to the 4.2 kV/
cm obtained for the breakdown field strength in the orifice of the Coulter Counter.

However, the electric field strengths cannot be compared directly since the shape
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TABLE 111

Vy CALCULATED FOR BOVINE RED BLOOD CELLS IN THE HOMOGENEOUS
FIELD (PLEXIGLAS CHAMBER)

. . External V., Vu§ Va i
Mlo dr:l Radius* serl:ili?::( ris t sh:rlnni‘-);xis t field spherical ellipsoidal ellipsoidal
volume strength Ey  coord. coord. coord.
um 3 um um um Veem™! | 4 | 4 1 4
Bovine red
blood cells 45 2.21 31 1.8 4,400 1.4 1.6 1.4

*Radius of the corresponding spherical volume.
$Modified data according to Thom (9).

§Major semi-axis parallel to the external electric field.
|| Minor semi-axis parallel to the external electric field.

and the orientation of the cells in the electric field were different in the two experi-
ments. In the orifice of the Coulter Counter the oblate red blood cells were deformed
to prolate ellipsoids and were orientated with their major semi-axis parallel to the
electric field as mentioned above. In contrast, between the two electrodes in the Plexi-
glas chamber the oblate red blood cells were randomly orientated relative to the direc-
tion of the electric field.

As shown in Table I1I the average value for the membrane potential, V,, generated
in the homogeneous field, calculated from Eq. 16, is about 1.45 V. This is the mean
value of the potentials generated for oblate cells oriented with their major semi-axis
parallel and perpendicular to the electric field. This value is of the same order as was
found for prolate deformed cells in the orifice. Thus we can exclude a mechanical rup-
ture of the membrane as an explanation of our findings. This is also supported by the
finding that red blood cells sucked through the orifice without applying a voltage (10)
did not lose hemoglobin.

A thermal effect as a possible hemolysing mechanism was also considered by mea-
suring the temperature increase in the Plexiglas chamber and behind the orifice of the
Coulter Counter using a thermocouple. The temperature increase was about 3-5°C.
This small increase cannot cause the observed effects as proved by Sale and Hamilton
(26,27) describing phenomenologically similar effects of high electric fields on numer-
ous microorganisms,

The Dependence of the Dielectric Breakdown Voltage on Membrane Properties

The Crowley model for the breakdown voltage suggests that the critical voltage de-
pends on the composition of the membrane, particularly on that of the bimolecular
lipid leaflet. Crowley could demonstrate that the critical voltage for cholesterol is
approximately three times that of phosphatidylcholine bimolecular leaflet and that
this difference results from different Young’s moduli and capacitances. In the follow-
ing we examined, therefore, how far the critical voltage depends on membrane proper-
ties using bacteria (E. coli B 163). Red blood cells were not used since preliminary
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measurements with different antibiotics and inhibitors indicated that in many cases it
was very difficult at this stage to distinguish between changes of the critical voltage
caused by a change of the shape factor and those caused by altered membrane proper-
ties. These difficulties do not occur with E. coli B since no deformation by the hydro-
dynamic forces in the orifice under different experimental conditions were observed.

The critical membrane potential difference V,,, in bacteria is about 1.1 V (spherical
coordinates) and 1.6 V (ellipsoidal coordinates) (Table II). The values agree very well
with the values calculated for human and bovine red blood cells (Table I and III).

In order to get a preliminary insight into the dependence of the critical voltage on
membrane properties we examined bacteria harvested from the logarithmic and sta-
tionary growth phase. Since the relation between the detector current and voltage de-
pends on the conductivity of the electrolyte, the measurements had to be performed in
the same solution. Since Eqs. 6 and 17 are valid the influence of the internal con-
ductivity of the cells could be neglected. The size distributions of E. coli is positively
skewed as was shown previously (6) and as would be expected during the growth stage
(28). The shape factor f was calculated from electron micrographs on the assumption
that the shape was a composite of a long cylinder with two hemispheres, one on each
end. From the evaluation of the spherical part of the total volume with the shape fac-
tor of 1.5 and of the cylindrical part with a shape factor of 1.0 the shape factor is given
by

S =1/ - 0.33d), (5

where / is length of the particles (bacteria in this case) and 4 is diameter of the parti-
cles.

The shape factor for cells harvested from both the logarithmic and stationary growth
phase was 1.13. Since the shape factors were identical we can confine the consideration
to the sizes in what follows. Fig. 9 shows the modal size as a function of growth time.
The value was constant during the logarithmic phase and drops by 10~15%, upon reach-
ing the stationary phase. In order to evaluate changes in the critical voltages for cells
harvested from the logarithmic and stationary phase of growth, identical cell sizes of
all size distributions must be compared.

The critical detector voltage as a function of the growth time was obtained by mea-
surements of the size distributions according to Fig. 5 and subsequent plotting of the
data according to Fig. 6. The correlation coefficients of the linear curves below and
above of the critical voltages are 0.9998. According to Fig. 9 the voltage at which
dielectric breakdown occurred for a certain size was also constant during the logarith-
mic phase. This result indicates that the properties of the membranes were uniform
during the logarithmic phase of growth. However, after reaching the stationary phase
the detector voltage required for dielectric breakdown increased markedly for the same
size (by about 30%;). From the foregoing discussion we must conclude that this in-
crease was related to a change in membrane composition and/or to a change in intrin-
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FIGUREY Dielectric breakdown of the membrane of E. coli B 163 in the logarithmic and sta-
tionary phase of growth. The critical detector voltage for a cell size of 1.08 um’ is plotted vs.
the growth time. For comparison the modal cell size as a function of the growth time is also
shown. The optical density is plotted to indicate the growth.

sic membrane potentials (see above). In order to obtain insight into the molecular
changes in membrane properties which occur in the stationary phase a correlation be-
tween dielectric breakdown, membrane composition and intrinsic membrane potential
is required. This data is presently lacking. A useful way to study this phenomenon
would be to measure the dependence of dielectric breakdown on membrane potential
and to utilize bacterial mutants having a defect in the lipid syntheses (29). The ques-
tion that remains unanswered is the molecular basis of the dielectric breakdown of the
cell membrane. We feel that the model of Crowley and of White (30) which was pre-
sented very qualitatively in a short communication relating to the paper of Crowley,
could perhaps yield some answers in the near future.

APPENDIX I

In order to calculate the potential drop in the orifice we use the following simplified model for
the Coulter Counter. In this two cylindrical containers of the same cross-sectional area are con-
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nected by a cylindrical orifice, as shown in the diagram below:

ly I 3
L
ds d, dJ3
i Aq Ayl Az :
-+ L L. X
0 X, X X3

—_————
Direction of flow

Here /; = lengths of the cylindrical containers and the orifice, respectively; 4, = cross-
sectional areas; and d, = diameters. The total potential difference V' between the two elec-
trodes is given by:

V] = ng(x)dx=flE(x)dx+ sz(x)dx+ fJE(x)dx, (6)
0 o

X x2

where E is the electric field strength. The current / and the current density j in the two
containers and in the orifice are given by (31-33):

1=fjda fjda= fjda,' )
A Az A3

1
j=oE (8)

where o = electrical conductance.
Combining Egs. 7 and 8 and on integration, we obtain:

1= "El‘“'(dl/z)2 = ”Ezﬂ'(dz/2)2 = aE,w(d,/Z)z, 9)
or
k = E,dz = E2d2 = E,d?, (10)

where k is a constant. Substituting E in Eq. 6 by Eq. 10 we obtain on integration with 4; =
d;:

VI = (k/a@)h + ) + (k/d3)h (11)
or

K = (U + b)/d}) + (hb/d)), (12)

where K is a constant.
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Using Eq. 12 and the following values appropriate to the Couiter Counter:

I + 15 =35mm di = Smm
lz = 0.02 mm d2 0.02 mm,

we calculate that more than 97% of the total potential difference appears across the orifice.

APPENDIX Il

In principle, the potential difference superimposed on the intrinsic membrane potential upon
the application of the electric field can be calculated by the solution of the Laplace equation.
An analytical solution, however, of the Laplace equation is not possible since the boundary
conditions cannot be completely specified. To proceed, therefore, the following simplifying
assumptions were made. To a good approximation, the pulse shape due to a particle passing
the orifice is like the bell-shaped Gaussian distribution (9). Thus we assume that the potential
gradient along the axis of the orifice has the same shape. For a rough calculation of the mem-
brane potential generated we replace the maximum value of the gradient in the center of the
orifice by the value of a “linear™ potential gradient £, (the results obtained for dielectric
breakdown in a homogeneous field [see above] justified this approximation). The linear gradient
is obtained from the assumption that 979 of the potential difference between the two electrodes
drops linearly over the length of the orifice. Furthermore, we postulate that in the center of the
orifice a small region exists where the potential drop is nearly homogeneous. Applying the
Laplace equation to this region, the equation can be solved in spherical (r, 3, ¢) and ellip-
soidal (¢, &2, £3) coordinates in the usual manner (31-41).

e,
&/

G3

A spherical cell volume is considered having the inner and outer radii a and b, respectively,
and a membrane thickness 4. ¢,, 0;, and o3 denote the conductivities of the cell interior,
the membrane, and the external medium; ¢,, ¢,, and ¢; denote the potentials in the three
regions.

With the boundary condition

¢ — — Egrcosd forr — o, (13)

with the boundary condition ¢ must be finite for » = 0, and the boundary conditions for the
interfaces at r = g and r = byield,
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d1(a) = ¢2(a)

$2(6) = 65(b) (14)
(o1/a)(d¢,/dr) = (a,/a)(d¢,/dr)
(a,/b)(de,/dr) = (a3/b)(de,/dr).

The problem is now well defined and yields the following expression for the potential difference
Vs across the membrane,

2+a \a*> b
1 - B\/1 - a\/a\’
I +2 =
EaE2))
wherea = ¢, /g, and 8 = a;/03. Eq. 15 describes the dependence of V,,, which is super-
imposed on the intrinsic membrane potential, on the internal, external, and membrane con-
ductivities and on the external electric field strength £.
Since in general o, ~ o3 > 0, for the cells considered in this paper (e.g., g, = 0.005, o, =

1-10~7 and o, = 0.01 mho-cm™! for human red blood cells [42]), it can be easily shown that
Eq. 15 becomes

3 l —a 3/ 1 1
Ela — b + — 231 -

248 ol:a + a( )]cosﬂ
IM_

(15)

Vy = 1.5-b-Egcos 9. (16)

The solution of the Laplace equation in ellipsoidal coordinates (¢, £;, £3) is more cumber-
some. Here we present only the result which is obtained using the approximations described
above:

Vu = fiaiE,. (17)

Here f; is the shape factor and is expressed by the following equation:

® ds -
Ji = 2[2 ~ @16205 fo (s + a)Xi.ils + a3 ] o

where a, denote the semi-axis and a; the semi-axis parallel to the external electric field.
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