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ABSTRACT Particle resistivity is explicitly included in the equations relating volume to voltage pulse, in electronic cell
sizing or resistive pulse spectroscopy (RPS). It has long been known that in high electric fields cell resistivity decreases
as the membrane undergoes dielectric breakdown. At sufficiently high electric field strengths, well past dielectric
breakdown, the red cell membrane becomes electrically transparent, or nearly so, and apparent cell size becomes
essentially a function of the cytoplasmic resistivity. Electronic cell sizing is traditionally carried out at low electric field
strengths, and corrections made for the influence of cell shape by use of the Laplace equation. We find the Laplace
solution to be still applicable at very high electric field strengths for purposes of calculating specific cytoplasmic
resistivity from RPS measurements. Our value for discocytes, 220 Q.cm, is in good agreement with published results
obtained by other researchers using other techniques. We have also applied these same procedures to determine the time
course of voltage-dependent resistivity changes in ghosts and intact spherocytes, during the first 5 min after suspension
in hypotonic medium. We believe these to be the first explicit calculations of particle specific resistivity from

post—dielectric-breakdown apparent size, using traditional electronic sizing techniques.

INTRODUCTION

Electronic cell sizing, as introduced by Coulter (1956),
started out by assuming that the membrane was a suffi-
ciently good insulator that the ratio of medium resistivity
to particle resistivity was effectively zero. Experimental
evidence of the need for a more complex sizing theory was
found as early as 1962 (Brecher et al.), when it was noted
that high aperture currents led to abnormally small appar-
ent size. Zimmermann et al. (1974) showed that the small
apparent size seen at high electric fields resulted from
dielectric breakdown of the cell membrane.

Much of the theory of electrical properties of cells in
suspension was tested in parallel plate discharge experi-
ments, where the electric fields are relatively homoge-
neous. It was found that many types of cells would lyse in
such experiments if the applied fields were very high.
While studying electrical lysis, Sale and Hamilton (1968)
concluded that the effect was due to an induced membrane
potential, and noted that there seemed to be a threshold of
~1 V in this potential for lysis to occur. Zimmermann et al.
(1976a) and Kinosita and Tsong (1977a,b,c) confirmed
this and showed that the basis of electrical hemolysis was
the disruption of ion permeability barriers by dielectric
breakdown of the cell membrane, leading to subsequent
colloidal osmotic hemolysis.

Believing the postbreakdown electric field and mem-
brane resistance to be spatially inhomogeneous, Jelish and
Zimmermann (1979) rejected the Laplace solution to the
problem of particle resistivity, and modeled the process
empirically. Their work produced a method for accurate
detection of dielectric breakdown during cell sizing, and a
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procedure for measurement of particle resistivity, based on
the slope of the curve for change in signal vs. change in
applied field. A sizing apparatus using a voltage ramp was
designed to make such measurments, as described by
Groves (1980), and as patented by Zimmermann et al.
(19804a,b).

We present evidence herein that, from a practical point
of view, the Laplace equation can still be usefully applied
for certain purposes, namely for calculation of internal
resistance at very high electric fields. Based on the approxi-
mation of a negligible membrane resistance at very high
electric fields, we have calculated the cytoplasmic resistiv-
ity of erythrocytes, and compared the results with those
obtained by Pauly and Schwann (1966) using dielectric
dispersion methods. Calculations and comparisons were
also made for the high electric field resistivities in osmoti-
cally swollen spherocytes.

The Laplace solution was then applied to determine the
changes in cytoplasmic resistivity of ghosts and intact cells
during the first 5 min after suspension in hypotonic media,
and the results interpreted in terms of a recently proposed
model of hemolysis (Akeson and Mel, 1982). We also
demonstrated a new phenomenon in the electronic sizing of
ghosts, where interaction with sufficiently high electric
fields rendered ghosts completely transparent to the sizing
process, so that the ghosts effectively “disappeared.”

MATERIALS AND METHODS
Suspending and Sizing Media

The basic medium used in all experiments was Dulbecco’s phosphate-
buffered saline (PBS) (in milligrams per liter: 100 CaCl,, 200 KCl, 200
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KH,PO,, 100 MgCl,- 6 H,0, 8,000 NaCl, 2,170 Na,HPO,. 7 H,0. Slight
adjustments were made to 300 mOsM, at pH 7.3, by adding small
amounts of NaCl, H,O, HCl, or NaOH, as appropriate). Hypotonic
solutions were made by dilution of isotonic PBS with deionized water.
Osmolalities were measured using a Wescor Inc. (Logan, UT) 5100B
vapor-pressure osmometer.

Sample Preparation

Blood samples were obtained from apparently healthy humans by finger
prick. A primary dilution, consisting of two drops of whole blood in 10 ml
of PBS, was incubated at room temperature for 30 min, to avoid
transients in osmotic properties (Mel and Reed, 1981). Subsequent sizing
experiments were done on secondary, 1:100 dilutions from this stock. For
kinetic studies, the secondary dilution was made at time zero, and the
computer was used to collect and store sequential apparent-size spectra
every 5 s for 5 min.

Resistive Pulse Spectroscopy (RPS)

The apparatus for resistive pulse spectroscopy (RPS) has already been
described by Yee and Mel (1978a). For this work, measurements were
made using a 48 x 48 um (diameter x length) cylindrical bore orifice,
without hydrodynamic focusing. To avoid complications from deforma-
bility effects (Yee and Mel, 1978b), all measurements were taken at slow
flow (0.002 ml/s, corresponding to a pressure drop across the orifice of 1.5
cmHg). All measurements were made at room temperature, 22° + 1°C.

The orifice-manometer system is from Particle Data, Inc. (Elmhurst,
IL), the electronics and software were of our own design, and the PDP 8/1
computer system used for digitalization, data collection, and analyses of
resistive pulses and their spectra was from Digitial Equipment Corp.
(Maynard, MA).

Cell Sizing Theory

An excellent review of the theory of electrical sizing is given by Kachel
(1979). The specific equations that follow are derived in Akeson (1982).
The basic approach in electronic cell sizing is the application of a constant
current, i, through a small diameter orifice, and subsequent measurement
of the change in potential across the orifice, AU, necessary to maintain the
constancy of current during the passage of a particle. The fundamental
equation relating particle volume, AV, to the voltage pulse, AU, is

AV L

AU'T'PM’E'.[E"" )
Here V is the volume of the orifice, p,.4 is the specific resisitivity of the
medium, L' and Q are the electrical length and cross-sectional area of the
orifice, and f; is a combined shape and conductivity factor, reflecting the
influence of the geometrical properties of the particle on the electric field
in the orifice. When a zero-input-impedance amplifier is used to amplify
AU, the gain g,,, is equal to — R;/(ppe - L'/Q), where R, is the feedback
resistance. The output from the amplifier is then
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AU'gamp-T’Rf'fE'i
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Using such an amplifier makes the resistive pulse height independent of
Pumes- Except for possible second-order effects, the relationship between the
measured signal, AU. g..,, and the apparent size, AV - fg, is linear.

In practice, the measured volume is a peak channel from a pulse height
analyzer. Eq. 2 can thus be restated as

AV (measured channel No.)
= C - AV (cubic micrometers) - fg. (3)
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To evaluate the constant C, which relates channel number to volume, we
have calibrated with 5.9 um (nominal) diam polystyrene microspheres
(Duke Scientific Corp., Palo Alto, CA) that have fz = 1.5 (Grover,
1969).

The critical problem, and subject of this paper, is the evaluation of the
shape and conductivity factor, fz, for membrane-bounded particles such
as red cells. As originally proposed by Sale and Hamilton (1968), if the
membrane is sufficiently thin compared with the cell diameter, then the
particle can be treated as homogeneous. Following Kachel (1979), we

define fg as
2 ( ] — Dmet )
fi- Ppan : )
2+ab2L.(‘°ﬂ— 1)
Ppart

This solution is exact, in the case where the particle is electrically
homogeneous. The quantity ab’L, is a dimensionless number reflecting
the Laplace solution for the influence of particle shape and orientation on
the electric field. For ellipsoids of revolution, Velick and Gorin (1940)
have tabulated the values of ab’L,; they range from 2/3 for spheres to 1/3
for disks (oblate ellipsoids) similar in shape to native red blood cells.

The quantity of interest is py., the specific resistivity of the particle.
Assuming that the true particle volume, AV, is constant (and keeping the
product Ry-i constant), Eq. 2 states that all variation in measured sizeasa
function of electric field strength is due to changes in fg. In fg there are
two variable quantities: ab’L,, and Ppn (Eq. 4). In contrast to Jelish and
Zimmermann (1979), we have assumed that ab*L, is the same for both
low and high fields, and solved for pp,. By making calibrated measure-
ments at low voltages, and using the accepted nonconducting shape
factors, we obtain values for AV. These are then used to solve for f, and
then pp,.,, in the high electric field state.

Electric Field Variation

The electric field strength within the orifice was varied in two ways. Our
constant current source had a typical geometrical doubling pattern. To
obtain data from intermediate field strengths, we also varied the solution
resistivities, by dilution with 0, 10, 20, 30, 40, and 50% vol/vol solutions of
isotonic sucrose in PBS. Electric field strengths were calculated from
Ohm’s law, using conductivities measured with a Beckman Instruments,
Inc. (Cedar Grove, NJ) RC-16C conductivity bridge. The voltage drop
across the orifice was continuously monitored with a voltmeter, to detect
clogging or heating cffects. In addition, the output from the zero-input
impedance amplifier was monitored continuously on an oscilloscope.

RESULTS

Fig. 1 depicts the electric field strength dependence of red
blood cell apparent size, measured in a series of 300 mOsM
solutions of decreasing ionic strength. While all the curves
converge below ~1 kV/cm, they spread out at high field
strengths, in a set of nonintersecting trajectories. Using the
oblate discoid constant value of 1/3 for ab’L,, we have
converted the apparent-size data of the discocytes of Fig. 1
into particle specific resistivities, as a function of the
electric field strength in the orifice (lower curve in Fig. 2).

To test our theories on red cells in a somewhat different
state, we chose to measure sphered red cells at 160 mOsM,
which is just above the threshold for abrupt osmetic
hemolysis (<150 mOsM). The values for spherocyte resis-
tivity (upper curve in Fig. 2) were derived using the same
mathematical relationships as for the discocytes, from
measurements similar to those shown in Fig. 1. However,
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FIGURE 1 Apparent size of red cells vs. electric field strength, in 5

different vol /vol admixtures of 300 mOsM PBS with 300 mOsM sucrose.
x, O%; 0, 10%; A, 20%; 01, 30%; o, 40%; v, 50% sucrose.

the cells were sized in 160 mOsM PBS/sucrose admixtures
instead of 300 mOsM (primary data on apparent size not
shown), where ab’L, is 2/3, and the nonconducting shape
factor is 1.5,

In Fig. 3 are shown the kinetics of apparent size, for
ghosts and intact spherocytes, at selected times during the
first 5 min following suspension in 100 and 160 mOsM
PBS, respectively. The two uppermost curves are for the
lowest electric field strengths, while the two lower curves
are the resulits obtained at high field strengths.

When these data were transformed into post—dielectric-
breakdown particle resistivities, Fig. 4, the earliest ghost
resistivity we measured was seen to be greater than that for
the intact spherocytes. However, ghost resistivity fell very
quickly, and by 60 s it had leveled out at a much lower
value. It should be pointed out that this final resistivity
(240 Q-cm) was still significantly greater than that of the
lysing medium (170 Q-cm).

In processing the data from Fig. 3 with the resistivity
algorithm, we have assumed that both the intact cells and
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FIGURE 2 Red cell specific resistivities (calculated from apparent size)
vs, electric field strength. x, discocytes, 300 mOsM PBS; o, spherocytes,
160 mOsM PBS.
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FIGURE 3 Apparent-size kinetics of ghosts and spherocytes, during the
first 5 min following suspension in hypotonic PBS. Open symbols (o, O),
low electric field strengths; solid symbols (e, W), high field strengths. (Top
two curves are adapted from Akeson and Mel, 1982.)

ghosts are spheres with shape factors of 1.5 in the noncon-
ducting state, even though the apparent volume of the early
ghosts was significantly smaller in the earliest time points
(channel 42.5 compared with 47.5 for the intact cells). A
justification for the use of 1.5 as our ghost shape factor is
given in the Discussion.

In Fig. 3 we simply plotted the peaks from the ghost and
intact cell (spherocyte) apparent-size spectra. While mak-
ing the high-field measurements on ghosts, we noticed that
the integrals for our 5-s counting periods were continuously
decreasing over time, even though the peak (modal) vol--
umes remained constant. This loss of counts, which we
refer to somewhat whimsically as “the disappearing
ghosts,” is demonstrated in Fig. 5. To verify that the
concentration of ghosts in the sizing suspension in fact
remained constant, the two higher electric field measure-
ments were made on the same sample, during a single
kinetic run, switching the current setting back and forth.
We were thus able to establish that most of the population
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FIGURE 4 Kinetics of specific resistivity, for ghosts and intact cells at
high fields, calculated using differences between apparent sizes, as
measured at low and high electric ficlds. Ghosts in 100 mOsM, e;
Spherocytes in 160 mOsM, B.
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FIGURE 5 Disappearance of ghosts at high electric field strengths.
Electric field strength as marked. The 3.64 kV/cm and 7.13 kV/cm
measurements were taken from the same sample series.

of ghosts that was disappearing at 7.13 kV/cm was still
present at 3.64 kV /cm.

DISCUSSION

Kachel (1976) was the first to use RPS-type techniques to
determine particle resistivity. Although he used very high
electric field strengths, he chose to make measurements
only on latex spheres and glutaraldehyde-fixed red cells.
Neither of these has any voltage-dependent resistance, at
least within the range of field strengths (and for the 0.5%
glutaraldehyde concentration) he used. Other work in our
own laboratory confirms this conclusion.

This is not the case for native red blood cells; the
apparent size of such cells is a very nonlinear function of
the applied field strength, as shown in Fig. 1. In our
analysis, we began by assuming that the low electric field,
apparent-size plateau reflected the true volume of an
infinitely resisitive cell. We then treated all reductions in
apparent size at high field strengths as reflections of
reduced particle resistivity. As the “infinitely” resistive
membrane began to conduct, the resulting current became
limited, instead, by the cytoplasmic resistivity (Jelish and
Zimmermann, 1979).

The transformation from the many separate curves of
Fig. 1 to the single, lower curve of Fig. 2 provides an
elegant demonstration of the self-consistent nature and
underlying unity of the theory of electronic sizing. At first
it may seem suprising that the high field strengths did not
simply destroy the cells, and thereby preclude our making
such measurements, considering the previous findings by
Zimmermann and others that dielectric breakdown of red
cells leads to hemolysis (Kinosita and Tsong 1977a,b,c,
1979; Zimmermann et al., 1974,1976a,b). Destruction was
undoubtably the ultimate fate of our high electric field
cells, as well. However, in RPS, the cells are analyzed
concurrently with the exposure to the high electric field,
before this destruction can occur. The asymptotic
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approach in Fig. 2 to a new, lower specific resistivity at
high fields indicates that the sensing process transforms
the cells to a new state, one that appears stable over the
time frame of the RPS measurement.

The asymptotic resistivity for the discocytes in Fig. 2 is
~220 Q.cm. By way of comparison, Pauly and Schwann
(1966), using dielectric dispersion methods, obtained a
value of 195 Q.cm for the cytoplasmic resistivity of human
discocytes. For our spherocytes in Fig. 2, the asymptotic
high field value was approximately 300 .cm. To obtain a
comparable estimate from the high frequency data of
Pauly and Schwann (1966), we performed a simple extra-
polation. It was based on the assumption that dilution leads
to a proportional increase of cytoplasmic resistivity. Our
spherocytes were swollen to an average volume of ~120
cubic um (data not shown); thus their expected cytoplas-
mic resistivity would be 120/90 x 195, or 260 Q-cm,
according to proportional dilution.

Pauly and Schwann’s resistivities (measured and extra-
polated) are 25 and 40 Q-.cm lower than our own,
respective, experimental values. The differences may
reflect one or more of the following factors: (a) residual or
inhomogeneous membrane resistance, (b) deviations from
our assumed shape factors, or (c) the limits of experimental
error. In any case, the agreement is sufficiently good to
propose that at least 85-90% of our high electric field
resistivities can be ascribed to the internal cytoplasm.

Ghost Sphericity and Shape Factor
Considerations

In arriving at the results of Fig. 4 from the data of Fig. 3,
we assumed a spherical shape factor of 1.5 for the ghosts.
Because the early ghost apparent volumes were actually
somewhat smaller than those for the intact spherocyte
(Fig. 3), this assumption cannot be rigorously valid. A
more precise approach would have been to treat the ghosts
as oblate spheroids, with the same surface area as for the
intact cells but having a reduced volume. What, then,
would be the shape factor for the ghosts, and what value
would we obtain upon inserting this new shape factor into
the resistivity algorithm?

If we treat the intact cell as the limiting case for a
family of oblate spheroids with constant surface area and
varying volume, then the shape factor becomes a mono-
tonic function of the volume. This means that once we
know the maximal (spherical) volume of the objects in
such a set, then for each other measured volume there will
be only one specific member of the set with a self-consistent
shape and shape factor.

From the equations relating true volume to shape factor
for such a family of ellipsoids (Richieri et al., 1983), the
reduction in apparent volume from channel 47.5 to 42.5
implies that the earliest ghost, taken as an oblate spheroid,
would have a shape factor of 1.395 and a volume equal to
0.962 of maximum volume. This corresponds to a value of
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0.566 for ab’L,, and leads to a revision of the initial ghost
resistivity from 340 ohm-cm to 325 ohm-cm. This differ-
ence (<5%) is statistically significant, but it is small
enough not to change the general conclusions drawn from
our data. We have therefore treated these ghosts as spheres
having a shape factor of 1.5 for the remainder of this

paper.

Kinetics of Resistivity Change During
Osmotic Hemolysis

From our analysis of Fig. 2, we concluded that 5.0 kV/cm
was sufficient electric field strength to render the mem-
brane effectively transparent, in an electrical sense. We
then used this conclusion to design an experiment to
measure the kinetics of cytoplasmic resistivity changes
during osmotic hemolysis. The basic data, shown in Fig. 3,
consisted of two pairs of sizing series. For each cell type
(ghosts, or swollen, intact cells), the kinetics of size change
were measured at both low (“infinite” membrane resis-
tance) and high (“zero” membrane resistance) electric
field strengths.

The resulting kinetics of resistivity change, shown in
Fig. 4, were consistent with previously published models of
hemolysis (Akeson and Mel, 1982). The intact cells (cyto-
plasms) slowly increased in resistivity. From the work of
MacGregor and Tobias (1972), we know that the cells are
losing K* under these 160 mOsM conditions. In the first
instance, this resulted in a general dehydration and shrink-
age (Fig. 3). However, Fig. 4 suggests that at the same
time, the proportion of current-carrying species, relative to
the total osmotically active species within the cell, must
have been decreasing, since there was a net increase in the
cytoplasmic resistivity.

Now, turning to the process of ghost formation, the
kinetics of change in resistivity were governed by the
exchange of total cell contents, as opposed to a selective K*
loss. As was recently emphasized (Akeson and Mel, 1982),
the resistivity of the intact cell is substantially higher than
that of the medium. Consequently, the exchange of cyto-
plasm with the medium during ghost formation actually
led to a reduction of internal resistivity. We can view the
curves of Fig. 4 as evidencing two stages to the drop in
(emerging) ghost resistivity. The first was quite rapid and
essentially complete by 1 min, while the second was much
slower. When one considers that hemoglobin release should
be part of the generalized exchange of cytoplasm with the
external medium, it is not surprising that our kinetics of
ghost resistivity change paralleled, exactly, the two-stage
kinetics of hemoglobin release reported by Anderson and
Lovrien (1977).

As was noted in Results, in confirmation of previous
work (Akeson and Mel, 1982), the long-term ghost resis-
tivity remained higher than that of the lysing medium. The
likely explanation for this result was found in the ghost’s
residual hemoglobin: as much as 7% of the cell’s original
hemoglobin can be permanently trapped in the “pink”
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ghosts that are formed in these intermediate osmolalities
(Dodge et al., 1963).

Stability of the Cell During the Sensing
Process

One of the assumptions we have used in these calculations
is that not only does the cell remain intact during the time
of the electrical sensing process, but that its volume
remains constant. From the point of view of the cell, its
electrical interaction with the sensing orifice begans with
the induction of an excess membrane potential, brought
about by the increasing electric field occurring during the
cell’s approach to the orifice. Kinosita and Tsong (1977a)
calculated that the time constant for this membrane
charging process is on the order of 0.1 us. Because we
measured the rise time for the resistive pulse to be ~10 us,
this meant that throughout the sensing process, the cell’s
induced potential was able to remain electrically in equilib-
rium with the field in its immediate environment.

Once the critical membrane potential is exceeded,
dielectric breakdown takes place, and one or more “pores”
are formed in the membrane (Kinosita and Tsong,
1977a,b). This pore formation is also a rapid process, and is
essentially independent of voltage-pulse duration, for
pulses longer than ~1 us (Kinosita and Tsong, 1977a).
Because the typical pulse widths (transit times) in the
present slow-flow measurements were on the order of 100
us, we concluded that, as a worst case, when dielectric
breakdown took place, it did so early in the sensing process.
The question then became, If the cells were undergoing
dielectric breakdown, and pores were forming in the
membrane, were there significant ion fluxes (and asso-
ciated volume changes) within the time frame of the
measurement? (At faster flow rates, and/or lower field
strengths, the magnitude of such effects, if they occurred at
all, would be reduced.)

The early research on dielectric breakdown in red cells
was focused in precisely this area of induced ion fluxes.
High-field pulses were used to make pores in the mem-
brane; these subsequently led to dissipation of the gradients
of the small ionic species, thence to colloidal osmotic
pressure induced hemolysis (Zimmermann et al.,
1974,1976a,b; Kinosita and Tsong, 1977a,b,c). The limit-
ing factor for this phenomenon was shown to be the rates of
ion diffusion through the pores. Kinosita and Tsong
(1977b) measured the initial rate of swelling after high-
voltage pulsing, and found that it never exceeded 20
um?®/min. This is so slow that during a typical 100 us pulse,
the cell has time to swell only a fraction of a cubic
micrometer; ie., the assumption of constant volume
appears well justified.

Biologically Significant Fields and
Disappearing Ghosts

In spite of the above discussion, the fact remains that there
can be a significant alteration of the cells by the electric
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field, as evidenced by the “disappearing ghosts” (Fig. 5).
We believe that the key to this phenomenon probably lies
in interactions that extend far beyond the sensing orifice,
that occur over much longer times, and that involve
induced membrane potentials of 2 much smaller magni-
tude.

Volume regulation in the red cell is based, in part, on
cation permeability, which under normal conditions is
quite low. Donlon and Rothstein (1969) found that
increasing the membrane potential by altering the chloride
gradient leads to a monotonic increase in cation permeabil-
ity. They demonstrated the existence of two regions of
successively increasing slope in the graph of permeabilities
vs. membrane potential: one at 45 mV and another at 180
mV. Above the higher potential, the permeability was seen
to increase very rapidly. From Sale and Hamilton (1968)
we calculated that an applied field of as little as 0.4 kV/cm
is sufficient to induce a 180 mV membrane potential
(Vnemb = 1.5 x @ x E, where a is the radius of the cell along
the axis parallel to the electric field).

In the example we presented in Fig. 5, the ghosts
disappeared most dramatically for the field of ~7 kV /cm.
From Kachel (1979, graph, p. 69), we see that for such a
field, the region of electric field strength 0.4 kV/cm
extends several orifice diameters out from the entrance to
the orifice. Because the velocity of the fluid approaching
the orifice is inversely proportional to the square of the
distance to the entrance (Kachel and Menke, 1979), we
suggest that the time of exposure to biologically significant
electrical fields may be much longer than previously
thought.

Disappearing Ghosts. The preceding discussion
provides the foundation for understanding the phenome-
non of disappearing ghosts. We propose that at the highest
field strengths, and at slow flow rates, there was sufficient
time in the electric field, prior to sensing, for critically
swollen ghosts to undergo a second, colloidally driven
rehemolysis. In support of this idea, we found that ghosts
only disappeared at slow flow, not at the faster flow rates
(S. P. Akeson and H. C. Mel, unpublished data) where the
exposure time before entering the sensing orifice was much
shorter.

We can summarize our proposal as follows. Before
entering the orifice, all the neonate ghosts in solution had
resealed, while still containing some residual hemoglobin.
As they approached the high-field region around the
orifice and began to increase in (electrically induced)
permeability, the population bifurcated. Those ghosts that
could tolerate the increased colloidal osmotic pressure
remained intact, and those that could not, underwent a
second hemolysis. The implicit assumption is that rehemo-
lysis under these conditions will lead to an essentially
complete exchange of the remaining ghost contents with
the external medium. It is very likely that, following the
expulsion of the bulk of the cell’s initial hemoglobin, the
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previously membrane-bound (residual) hemoglobin would
reequilibrate to the new bulk cytoplasm. When dielectric
breakdown subsequently occurred, this second class of
ghosts, i.e., those that had hemolyzed for the second time,
ended up with the same resistivity as the suspending
medium. Such objects, being transparent to the sensing
process, thus appeared to have vanished.

We may now compare the kinetics of disappearance
(Fig. 5) with the kinetics of the changes in ghost resistivity
(Fig. 4). The initial increase in susceptibility to disappear-
ance at the highest field strength in Fig. 5 was paralleled
by the initial rapid drop in ghost resistivity. A reasonable
explanation for this observation is that both changes may
reflect the basic kinetics of hemoglobin release. Further-
more, these occur at the same time (~25 s) that the
neonate ghost shows maximal mechanical weakness (Yee
and Mel, 1978a; Akeson and Mel, 1982). The longer-term
change in ghost susceptibility to high fields (Fig. 5) is
suggestive of a continuing, long-term action of high electric
fields on cells and ghosts (work in progress).

The two concepts of the stability of volume of a
post—dielectric-breakdown cell, and the disappearance of
ghosts at high electric fields may at first sight appear
contradictory. However, the disappearing ghosts should
not be taken as evidence of volume changes of significant
magnitude. These ghosts are already sphered (note the
constant low-field ghost volume from 150 s onward, Fig.
3); as Jacobs and Parpart (1931) pointed out, it takes only
a 0.1% increase in the cell diameter to cause an additional
5% lysis, for such critically swollen cells.

CONCLUSIONS

Electrical sizing of membrane-bounded particles at high
fields provides a significantly different class of informa-
tion, beyond simple volume and shape information. By
coupling appropriate data taken at low electric field
strengths with the data taken at high field strengths, it was
possible to derive resistivities for particles during and
following dielectric breakdown. The values obtained for
red blood cells show an asymptotic convergence to a
resistivity approximating that of the cytoplasm, for what-
ever cell or ghost was being probed. The technique was
general enough to apply to cells having rapidly changing
resistivities, objects whose resistivities would be difficult to
follow by other methods.

The present studies on ghosts have demonstrated a
second, important point of general interest in electronic cell
sizing. Interaction of the particles with the external electric
field appeared to commence at much lower field strengths
than have previously been generally thought. This in turn
extended the interaction with the sensing orifice much
further in distance, and hence longer in time, than pre-
viously thought. While for the usual sensing fields this
effect will not occur, at the highest sensing fields this
electrical interaction can itself significantly alter the cells.
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