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ABSTRACT Micropipette-aspirated
erythrocytes exhibit reversible changes
in sphericity (surface-to-volume ratio)
in response to applied electric fields.
The potentials were applied between
the shaft of the pipette and the bathing
medium using Ag-AgCI electrodes and
current clamping electronics. The
change in surface-to-volume ratio is
evidenced as a reversible change in the

length of the cell projection in the pi-
pette at constant aspiration pressure
and changing voltage. The magnitude
of the changes decreased in propor-
tion to the inverse of the solute concen-
tration indicating that the change in
sphericity was due to a change in cell
volume. Reversible changes in pro-
jection length equivalent to a 10%
change in cell volume were observed to

occur over times on the order of 10 s.
The magnitude and time course of the
effect were not affected by the removal
of intracellular hemoglobin or inhibition
of anion exchange. The effect was
reduced by the presence of lanthanum
and other multivalent cations in the
suspending solution, suggesting that
surface charge may play a role in
mediating the effect.

INTRODUCTION

The interactions of electric fields with living cells and the
effects of electric fields on cellular properties are impor-
tant factors in a variety of phenomena. These topics have
received increasing attention as a result of the implemen-
tation of electrofusion (17) and electroporation (7) in
biotechnology. Of particular interest is the influence of
electric fields on the mechanical stability of the cell
membrane and possible synergistic effects of electric
fields and mechanical stress (10). The discovery of
stretch-sensitive channels in membranes has established a

connection between mechanical stress and the electrical
properties of the membrane (I 1). In the present study we
set out to determine what effects electric fields might
have on the physical properties of the erythrocyte.
The red blood cell has served as a model system for

studying both the mechanical behavior of biological mem-
branes and the transport of ions and water across the
membrane (2, 12). Mechanically, the membrane can be
modeled as a two-dimensional material with a large
resistance to changes in surface area and low shear
rigidity (resistance to in-plane deformation at constant
area) (2). With regard to the movement of materials
across the membrane, it has long been recognized that the
red blood cell behaves as a nearly perfect osmometer (5).
Its volume changes passively in response to changes in the
tonicity of the suspending medium and the fractional
change in cellular volume is proportional to the fractional
change in solute concentration (12). The red cell mem-

brane possesses a low cation permeability which, in
conjunction with the Na,K-ATPase produces an asym-

metric transmembrane distribution of Na+ and K+. It is
the balance between the leak of cations and the pumping
of cations by the Na,K-ATPase that provides the mecha-
nism by which the red cell regulates its volume (16). The
exchange of anions across the membrane occurs very
rapidly via the anion transport protein capnophorin (band
3). However, because the permeability of the membrane
to the net transport of anions is small, the membrane
conductivity is relatively low (8, 15).
Two powerful and widely used techniques for deter-

mining the mechanical and transport characteristics of
cell membranes are micropipette aspiration (2) and patch
clamp (6) of single cells. To assess mechanical function,
aspiration pressures are applied to the surface of the cell
to produce force resultants (tensions) in the plane of the
membrane which in turn produce deformations of the
surface. Knowing the forces applied and analyzing the
subsequent deformations one can compute the coeffi-
cients that characterize the mechanical behavior of the
membrane. Patch clamp electronics make it possible to
apply well-defined currents and voltages to a small region
of the cell surface and to monitor its response. Changes in
membrane conductance in response to different agonists
can be readily assessed.

In the present study, we combine the high resolution
optics and precisely measured pressures (used to assess

mechanical function) with precision electronics (used in
electrophysiological studies) to assess the influence of
electric fields on cellular geometry. We find that the
application of electric fields to red cells aspirated into
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micropipettes at fixed pressure produces significant,
reversible changes in the surface-to-volume ratio of the
cell. We attribute these changes to reversible, field-
induced changes in the cell volume.

MATERIALS AND METHODS

Preparation of membrane systems
Normal human red blood cell membranes
Human red blood cells were obtained from healthy donors by either
finger prick or by venipuncture (heparin). Cells obtained by venipunc-
ture were separated from the plasma and the buffy coat was removed.
The cells were washed three times in 300 mOsmol phosphate buffered
saline (300 PBS) (128 mM NaCI, 20 mM Na2HPO4, 6.2 mM
KH2PO4, 0.01 mM NaN3, pH 7.4). Cells were resuspended in filtered,
degassed 140 PBS (300 PBS diluted to 140 mOsmol with distilled
water) containing 0.5% bovine serum albumin (BSA). The lower
osmolarity caused the cells to swell until nearly spherical.

Nystatin treated human red blood cell
membranes (high salt)
To increase the intracellular concentration of ions, cells were treated
with the drug nystatin according to a modified version of Dalmark's
procedure (1, 5). The red cells were washed three times in 300 mOsmol
Hepes buffered saline (300 HBS) (140 mM KCI, 24 mM sucrose, 20
mM Na-Hepes [N-2-hydroxyethlypiperazine-N'-2-ethane-sulfonic
acid], 9 mM KH2PO4, pH 6.9) and resuspended at a final hematocrit of
50%. 3 ml of the cell suspension were added to 15 ml 300 HBS
containing 37.5 Mg/ml nystatin (Sigma Chemical Co., St. Louis, MO;
stock freshly prepared at 2.5 mg/ml in methanol). The cells were
incubated at 0°C for 30 min then resuspended in 400 HBS (300 HBS
plus 50 mM NaCI) and incubated again in the presence of nystatin at
0°C for 10 min. This procedure was repeated with similar incremental
increases in salt concentration until a desired tonicity was reached. After
removal of the final supernatant the cells were washed five times with
isotonic HBS containing 0.5% BSA at 370C. For the experiment the
cells were resuspended in hypotonic PBS with 0.5% BSA.

Nystatin treated human red blood cell
membranes (high sucrose)
Cells were treated in the same manner as above except that the
concentration of nystatin was reduced from 37.5 Mg/ml to 8.0 ug/ml,
the incubation times were increased from 10 to 30 min, and sucrose
rather than NaCI was used to increase the tonicity of the final
suspending medium.

DIDS treated, sulfate loaded HRBC's
Cells were treated with anion exchange inhibitor DIDS (4,4'-diisothio-
cyanostilbene-2,2'-disulfonate) according to the procedure of Knauf et
al. (8). 2 ml of packed cells were suspended in 40 ml of 300 mOsmol S
buffer (110 mM K2SO4, 5 mM Na-Hepes, pH 7.5), and incubated at
370C for a total of 2 h with buffer changes at 30 min intervals. After
washing, 0.15 ml packed cells were suspended in 4.5 ml S buffer
containing 25 ,uM DIDS and incubated at 370C, in the dark, for 30 min.
For the experiment, cells were dispersed into 150 mOsmol S buffer
containing 0.5% BSA.
To test the effectiveness of the DIDS treatment, the rate of chloride

influx was measured for the sulfate-loaded cells and for the sulfate-
loaded DIDS-treated cells. (These measurements were performed in the
laboratory of Dr. P.A. Knauf, Rochester, NY.) Cells were suspended at

3% hct (vol/vol) in 300 PBS containing 300 gCi/ml 36CI and incubated
for periods of 1.5-240 min. Samples (0.5 ml) were added to 1.5 ml
Drabkins solution for hemoglobin determination. The cells were sepa-

rated from the suspending buffer by centrifugation through a layer of
silicon oil, and the pellets were extracted in 5% trichloroacetic acid. The
amount of 36CI in the extract was determined by scintillation counting.
The counts per minute of the sample (C) were recorded as a function of
the incubation time. For the sulfate-loaded cells (not treated with
DIDS) the half time for influx was -15 min and it was possible to
measure the equilibrium counts (Cs) directly (the mean of the 90 and
120 min incubation times). For the DIDS-treated cells, the halftime for
influx was too long and thus it was impossible to measure the equilib-
rium counts (C_) directly. However, CD could be calculated from C!
recognizing that the counts at steady state are proportional to the
number of cells sampled (which is proportional to the hemoglobin
concentration [Hb]) and the counts/min of the suspending buffer (C):

D (CJ[HbIDD CS

(C,[Hb])s
(1)

where subscript D denotes values for DIDS-treated sulfate-loaded cells
and subscript S denotes sulfate-loaded cells (not treated with DIDS).
The time constant for influx, k, is calculated by linear regression to:

In - =kt.
~c"~-ckt

(2)

where C is the counts/min at time t. Note that because chloride-chloride
exchange is much faster than chloride-sulfate exchange if any chloride
were left inside the cells after sulfate loading, there would be an initial
rapid influx of 36CI which would appear as a nonzero intercept in the
curve described by Eq. 2. ("Trapped" extracellular fluid would also
result in a nonzero intercept, so the intercept provides an upper bound
for the amount of chloride inside the cell.) The data for the sulfate-
loaded cells indicated that the residual chloride concentration after
loading was <7.0 AM.

Red cell ghost membranes
Red blood cell ghosts were prepared by a modified version of the
protocol of Schwoch and Passow (13). The red cells were washed in 300
PBS pH 6.0 until the supernatant stabilized at pH 6.0. 3 ml of a 50% cell
suspension were added to 30 ml lysing solution (1.0 mM EDTA
[ethylenediamine tetraacetate], 6.0 mM NaCI, 10 nM PMSF [phenyl-
methylsulfonyl fluoride], 1.0 mM ATP) at 0°C. The pH was adjusted to
pH 6.0 with ice cold acetic acid. The cells were incubated at 0° for 5 min
then separated from the suspending medium by centrifugation (19,000
g) at 0°C. The membranes were resuspended in 50 ml ice cold resealing
solution (165 mM KCI, 59.5 mM TRIS [tris-hydroxymethyl amino-
methane], 3.0rmM ATP, 0.175 mM MgCI2, and 100,MM PMSF). After
10 min at 0°C, the membranes were incubated at 370C for 45 min,
allowing the membranes to reseal. The resealed membranes (ghosts)
were washed once with 300 PBS and dispersed into 140 PBS containing
0.5% BSA for measurement.

Apparatus
Micropipettes
Micropipettes were made from capillary tubing (Kimax 0.9 mm OD x

0.2 mm Wall; Glass Company of America, Bargaintown, NJ) pulled to a
needle point. The tip of the needle was fractured off squarely with a

microforge. The completed pipettes were filled with filtered buffer
solution which was isotonic to the cell-suspending medium, but which
contained no BSA.
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Microscope chambers
Chambers used to view the suspended cells on the microscope were
constructed from glass microscope slides cut and epoxied to form a 15 x
15 x 3 mm well. The chamber was completed by sealing a siliconized
coverslip to the bottom of the well with vacuum grease.

Optics
Experiments were performed on an inverted microscope (model M;
Nikon Inc., Garden City, NY). The microscope was equipped with a

trinocular head allowing simultaneous viewing by the operator and
recording of the image on videocassette (AG6300; Panasonic, Secaucus,
NJ) via a television camera (model TC1005/N; RCA, Lancaster, PA).
For red cell work, a 40x objective and monochromatic brightfield
illumination (436 nm) were used. When working with ghosts, the
monochromatic filter was removed and Hoffman modulation contrast
was used. A stage micrometer was photographed during each experi-
ment for distance calibration

Aspiration pressure
Hydrostatic pressure gradients were generated across the tip of the
pipette via a water reservoir connected to the pipette via a continuous
fluid pathway. A pressure transducer (Validyne Engineering Corp.,
Northridge, CA) was used to monitor the applied pressure.

Electrical system
Potentials were applied across two Ag-AgCl electrodes, one at the base
of the pipette and one in the bathing medium (chamber), using current
clamping electronics (modules S-7100A and S-7071 A; World Precision
Instruments Inc., New Haven, CT). The chamber electrode was ground.
This system was capable of setting a zero baseline voltage, injecting a

constant current, and monitoring both the current and voltage between
the electrodes. Because the device injected a fixed current, it was

necessary to adjust for temporal drift in the potential manually. The
magnitude of the drift was never more than 10 mV during the course of a
measurement. The microscope stage and the hydraulic lines entering the
stage area were electrically shielded in a grounded Faraday cage. AC
noise was monitored with an oscilloscope (Tektronix Inc., Beaverton,
OR) and maintained at < 1.0 mV.

Measurements and calculations
Cells swollen in hypotonic media were aspirated into a micropipette with
sufficient aspiration pressure to draw the outer portion of the cell into a

sphere (Fig. 1). Changes in projection length were measured as a

function of applied voltage at constant aspiration pressure. The pressure
was held constant at either I or 6 cmHg (for some fragile cells the higher
pressure had to be reduced to 4 or 5 cmHg) and the voltage was

increased stepwise in increments of 250 mV from 0.0 to ± 1,000 mV. The
outer cell diameter was measured at zero volts and the length of the
projection in the pipette was measured at each voltage.
The surface area and volume of a cell aspirated into a micropipette

are given by simple geometric expressions:

A = '7r(4R R+ 2R L)

V = 7r/3(4R' - R + 3R 2L),

(3a)

(3b)

FIGURE 1 Schematic representation of a micropipette-aspirated cell.
The cell was osmotically swollen until nearly spherical. A negative
pressure (Pp - P.) applied to the back of the pipette draws the cell into
the pipette a length L. Because the interior pressure of the cell P, is
greater than the exterior pressure Po, the portion of the cell exterior to
the pipette is spherical with radius Ro, and the edge of the cell projection
inside the pipette is hemispherical with radius Rp (the inner diameter of
the pipette DP is optically measured at its tip and is assumed to be
constant along the length of the cell projection).

unambiguously as a change in the sphericity (S) of the cell:

AS = S [27r Rp(2Rp/6 V. I/A )A L],

where S is defined as,

4wr V213
(4r/3)33 A

(4)

(5)

VO is the initial cell volume (volume at 0 mV) and AO is the initial cell
surface area. If the change in cell volume, A V, is known, the change in
cell area, AA, corresponding to a change in projection length, AL, can be
calculated by:

AA - 2wRpAL(1 - Rp/Ro) + 2AV/RO. (6)

Conversely, if the change in area is known, the change in volume can be
calculated:

A V trR2AL(1 - R0/Rp) + RoAA/2. (7)

In practice, the total length change that is observed includes the
length change mediated by the applied field as well as a gradual change
in the resting length of the projection. (This gradual change can be
thought of as a drift in the reference geometry of the cell.) The
mechanism for this drift is not known. It may be due to a gradual loss of
cations from the cell or a slight increase in the osmolarity of the
suspending medium due to evaporation of the suspending solution. The
gradual change is approximately linear in time so that its contribution to
the total change in projection length can be estimated by interpolation.
The resting length is measured at the beginning (Li) and end (L4) of
each measurement sequence. The resting (reference) length at time t is
calculated by interpolation and subtracted from the total length at time t
(L,) to obtain the field-induced change in length: AL = - LO(t)
where

Lo(t) = Li + (Lf- L ) i,
tw ti t

where t, and tf are the times at which Li and Lf were measured.

(8)

where L is the length of the projection in the pipette, R. is the radius of
the part of the cell outside the pipette, and Rp is the inner radius of the
pipette at the tip. Changes in either the area or volume of the cell were

observed as changes in the length of the projection in the pipette.
Changes in the outer radius R. also occurred, but were too small to be
resolved optically. The change in projection length can be expressed

RESULTS

Red cells aspirated at a constant pressure exhibited
changes in the length of the projection in the pipette, L,

Katnik and Waugh Micropipette Aspirated Erythrocytes 867

P.

Katnik and Waugh Micropipefte Aspirated Erythrocytes 867



upon application of an electric potential, between the
pipette and chamber electrodes (Fig. 2). The direction
and magnitude of the changes in projection length
depended on the polarity of the applied voltage. Negative
potentials produced linear increases in projection length
that were larger than the decreases produced by positive
potentials, and at large positive potentials the effect
appeared to saturate (Fig. 3). The time course of a change
in projection length in response to a step change of - 1.0
V across the cell is shown in Fig. 4. The reversibility of the
process is demonstrated by the return of the projection to
its original length when the voltage was turned off. The
time course of both the response and the return to the
original length were exponential with a time constant
determined by least squares regression of -3.3 s. It should
be emphasized that the potential reported here is the
applied potential and not the potential across the cell
itself. It was impossible to calculate the potential across
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C.-,cn
U]i

2.0-

0.0-

-2.0-

-4.0-

-6.0

-1250

* P- 5 cmHg
o P- 1 cmHg
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FIGURE 3 Changes in projection length expressed as fractional changes
in sphericity as a function of the potential applied across the pipette and
chamber electrodes. Closed circles represent means of twenty cells
aspirated at a constant pressure of 5 cmHg. The solid curve is the linear
regression to the data for negative voltages. Open circles represent
means of 20 cells aspirated at a constant pressure of I cmHg. The
dashed curve is the linear regression to the data for negative voltages.
Error bars represent plus or minus one standard deviation of the sample
means. The empty pipette resistance (resistance between the electrodes
without a cell aspirated into the pipette tip) was 150 MQ.

the cell because of the small magnitude and anomalous
behavior of the resistance of the "seal" between the cell
and the pipette (see Appendix A).
The magnitude of the change in sphericity with applied

voltage was found to decrease in proportion to the inverse
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FIGURE 2 Photographs from a televison monitor showing the changes
in projection length of an aspirated cell with changes in applied voltage.
The applied potentials are - 1.0 (topframe), 0.0 V (middleframe), and
+ 1.0 V (bottom frame). These observations were made over a period of
- 1.0 min. The aspiration pressure was constant (5.0 cmHg). The cursor
marks the tip of the projection at 0.0 V. (Bar, 5.0 ,jm).

FIGURE 4 Time course of the change in the projection length in
response to a step change in voltage. The aspiration pressure was
constant (2 cmHg). At time zero, a potential of - 1.0 V was applied
across the electrodes. After 21s the potential was turned off. Points
represent projection length measurements taken at 0.5 s intervals. The
solid curves are first order exponentials [L = Lf- (Lf - L)e-', and,
L = L. + (Lf - L0)e- ] determined from the data by least squares
regression. The time constants for both extension and recovery were
-3.3 s.
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of the solute concentration (Fig. 5). This occurred at both
high and low aspiration pressures and whether salt or
sucrose was used to increase the suspending solute con-
centration. This is illustrated in Fig. 6, in which the slopes
of the sphericity vs. negative potential data are plotted as

a function of inverse concentration. The change in spher-
icity with positive potential was similarly reduced with
increasing solute concentration.

Removal of hemoglobin from the cell had no significant
effect on the response of the cell to the applied fields.
Based on the dilution at lysis, we estimate that the
hemoglobin concentration within the ghost membranes
was <8.0% of that in intact cells, but the fractional
change in sphericity with applied voltage (Fig. 7) and the
time course of the response were nearly identical to that
observed in the intact cell.

Similarly, neither the magnitude nor the time course of
the response were affected by inhibition of anion
exchange across the membrane. The behavior of sulfate-
loaded cells treated with the inhibitor DIDS was indistin-
guishable from untreated cells. Measurements performed
on 10 cells (results not shown) gave mean values for the
fractional change in sphericity per negative volt of 8% (5
cmHg aspiration pressure) and 4.5% (1 cmHg aspiration
pressure). (Values for untreated cells were 6 and 4%,
respectively.) The response time of the DIDS-treated
cells to step changes of ± 10 V was <20 s, similar to that of
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FIGURE 5 Changes in projection length of nystatin-treated cells
expressed as fractional changes in sphericity as a function of the
potential applied accross the pipette and chamber electrodes. The
aspiration pressure was 5 cmHg. Closed circles represent means of 20
nystatin treated cells suspended in 140 mOsmol PBS. The solid curve is
the linear regression to the data for negative voltages. Open circles
represent means of 20 nystatin treated cells suspended in 575 mOsmol
PBS. The dashed curve is the linear regression to the data for negative
voltages. Error bars represent plus or minus one standard deviation of
the sample means. The empty pipette resistances were 42.0 Mu for the
140 mOsmol measurements and 13.5 MQl for the 575 mOsmol measure-
ments.
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FIGURE 6 Fractional changes in sphericity per applied negative poten-
tial as a function of the inverse of solute concentration of nystatin-
treated cells. Open and closed circles represent the slopes of the linear
fits of fractional sphericity changes versus negative potential for cells
aspirated at I cmHg and 5 cmHg, respectively. The dashed line is the
linear regression to the data obtained at 1 cmHg aspiration pressure.
The solid line is the linear regression to the data at 5 cmHg. Error bars
represent the 95% confidence limits calculated for the slopes using a
Student t-test.

normal red cells. The cells were tested to determine the
extent of inhibition of anion exchange. For cells with
intracellular chloride replaced with sulfate the half time
for chloride-sulfate exchange was calculated to be 15.2
min, and for sulfate loaded cells treated with DIDS the
half-time was calculated to be 280.5 min.
The presence of multivalent cations in the suspending

medium caused a significant reduction in the magnitude

0
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FIGURE 7 Fractional change in sphericity of red cell ghosts as a
function of applied voltage. Open and closed circles represent means of
five cells aspirated at a constant pressure of 1 cmHg and 5 cmHg,
respectively. The lines represent the linear regressions to the data for
negative voltage at 5 cmHg (solid) and 1 cmHg (dashed). Error bars
represent plus or minus one standard deviation of the sample means. The
empty pipette resistance was 60 MQ.
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of the cellular response to applied fields. The chloride
salts of manganese, cobalt, and lanthanum were tested.
Of these, lanthanum was the most effective at reducing
the cellular response. The effect was completely elimi-
nated at a lanthanum concentration of 400 zM (Fig. 8).
Cobalt and manganese also reduced the response, but
required higher concentrations to produce a noticeable
reduction. At a CoCl2 concentration of 9.0 mM the
change in sphericity per volt at 5 cm Hg aspiration
pressure and negative voltage applied was -0.8%/V, and
at a MnCl2 concentration of 13.7 mM, the change in
sphericity was - 1.7/V. These concentrations were chosen
because they are the charge-reversal concentrations for
these ions determined by Seaman and Pethica (14).
Compare these values to a change in sphericity of 7.0%/V
when no polyvalent cations are present and -0.0%/V in
the presence of 0.4 mM LaCI3.

DISCUSSION

These observations demonstrate that electric fields
applied across micropipette-aspirated cells have a signifi-
cant effect on the cellular geometry. In assessing the
mechanism for this effect, we are hampered by the
inherent limitation of the micropipette technique that one

P-f
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U)C1-2

8.0-
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2.0-

0.0-

P- 1 cmHg
* P- 5 cmHg-

fT

O 1100 200 300

[Las+] (,OM)

yi
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FIGURE 8 Fractional sphericity changes per applied negative potential
as a function of lanthanum concentration. Circles represent the slopes of
the linear fits of fractional sphericity changes versus applied potential
for cells subjected to negative potentials. Closed circles represent the
slopes of the linear fits of fractional sphericity changes versus applied
potential for cells aspirated at a constant 5 cmHg pressure. The open
circles represent slopes calculated for cells aspirated at I cmHg. The
dashed line is a linear regression to the slopes calculated for cells
aspirated at a constant I cmHg. The solid line is a linear regression to
the slopes calculated for cells aspirated at a constant 5 cmHg. Error bars
represent 95% confidence limits calculated for the slopes using a
Student t-test. The empty pipette resistance was 74 Mg for the 0.0-yM
measurements, 74 MQ2 for the 100-MM measurements, 76 Mg for the
250-MM measurements, and 73 MQ for the 400-MM measurements.

cannot distinguish directly between changes in surface
area and changes in volume. This limitation arises
because changes in the outer radius of the cell are too
small to be resolved optically. Thus, changes in only one

geometric parameter (L) can be detected accurately.
Consequently, the change in surface area or volume
cannot be calculated without estimating the change in R.
by applying an additional constraint. Thus, to calculate
the change in surface area it is necessary to know what is
happening to the cell volume, or to calculate the change in
volume is necessary to make assumptions about the
surface area.

The magnitude of the changes in projection length and
the dependence of the effect on solute concentration lead
to the conclusion that much, if not all of the change in
sphericity is due to a change in cell volume. The largest
changes in projection length observed would require area

dilations of -10%, far in excess of what is thought to be
the maximum change that the cell membrane can sustain
without lysis (3-4%) (3, 4). Therefore, the change in
sphericity must be due at least in part to a change in cell
volume.
A change in cell volume requires a movement of water

across the cell membrane. Application of the electric field
must cause a change in the chemical potential of the
water within the cell. In response to this change, water
will move down its potential gradient until a new steady
state is reached. The main contributors to the chemical
potential of the water (,u.) are the hydrostatic pressure

and the concentration of solutes. In dilute (ideal) solu-
tions:

Aw = - RTE Cj + vSP, (9)

where the summed term represents the total concentra-
tion of solutes, RT is the gas constant times absolute
temperature, vI is the partial molar volume of water, P is
pressure relative to the standard state, and ,u is the
chemical potential of water in the standard state (in the
absence of solute). Thus, the movement of water can be
caused by either a change in solute concentration or a

change in hydrostatic pressure.

The hydrostatic pressure difference across the mem-

brane is determined by the aspiration pressure plus any

mechanical forces on the cell imposed by the electric field.
The magnitude and direction of the electromechanical
force are uncertain. They depend on the surface charge
densities of the inner pipette surface and the membrane
and on how the fluid drag resulting from electroosmotic
flow is distributed between the membrane and the pipette
surface (Appendix B). Worst case estimates suggest that
electromechanical forces may be comparable to the force
of the aspiration pressure. However, there is clear evi-
dence that electromechanical forces are not responsible
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for the change in projection length we have observed.
First is the observation that under conditions in which the
electromechanical force is supposed to add to the aspira-
tion pressure (negative potential applied, increasing pro-
jection length) the cells do not lyse, even when the
membrane tension due to the aspiration pressure is large
(-4 dyn/cm, aspiration pressure = 5 cmHg). The obser-
vation that at zero applied volts membranes begin to lyse
at a membrane tension of -6 dyn/cm indicates that any
addition to the membrane tension by electromechanical
forces must be <2 dyn/cm. A similar conclusion is
reached by considering the situation in which electro-
chemical forces ought to subtract from the aspiration
pressure (positive potential applied, decreasing projection
length). In this case, even when the membrane tension is
small (-0.7 dyn/cm), in the presence of the electric field
the membrane tension remains positive and finite: the
membrane does not become flaccid and the projection is
not forced out of the pipette. Thus, the contribution to the
membrane tension by the field must be <0.7 dyn/cm. In
addition, it should be recognized that when positive
potentials are applied the projection length is shorter than
it would be at zero volts and zero pressure, even when the
aspiration pressure is large. Clearly, electromechanical
forces cannot account for the behavior we have observed.

These arguments lead to the conclusion that the volume
change must be mediated by a movement of ions across

the membrane in response to the electric field. At steady
state, there is a difference in solute concentration across

the membrane because the aspirating pipette pressurizes
the cell interior (4). (This is evident from the spherical
shape of the portion of the cell outside of the pipette.)
Essentially, water is squeezed out of the cell because the
pressure inside the cell is greater than the pressure

outside. This results in an increase in the salt concentra-
tion within the cell. At steady state the net flux of water
out of the cell is zero. From this condition, the difference
in concentration between the cell interior (C,) and the
suspending medium (CO) can be determined (4).

C.-Co =
2T AP/RP + Ao/Ro (10)
RT AP +AO

where T is the membrane tension, RT is the gas constant

times temperature, Ap and AO are the membrane areas in
the pipette and outside the pipette, and Rp and Ro are the
radii of the pipette and the spherical section of the cell
outside the pipette. Thus, the solute concentration inside
the cell is determined by the membrane tension and the
solute concentration in the suspending medium. Assum-
ing that these quantities (T and CO) are not appreciably
affected by the electric field, the intracellular solute
concentration must be the same before and after the field
is applied. Let n, and n2 be the number of solute molecules

in the cell before and after the field is applied, and let us
further assume that An = n2 - nl, is a function of the
applied potential. Constant membrane tension and con-
stant extracellular concentration require (Eq. 10)

nil V, =n2l V2, (11)

or

An AV

ni VI,'
(12)

where VI and V2 are the cell volumes before and after the
field is applied, and AV = V2 - VI. Thus, for a given
An(¢), the corresponding volume change is inversely
proportional to the number of solute species in the cell, n.
Our observation that the magnitude of the field-induced
change is proportional to the inverse of the solute concen-
tration (Fig. 6) is consistent with this result.

It is unlikely that the effect we are observing is
mediated by a movement of cations. The normal perme-
ability of the membrane to cations is too low to account
for such a rapid change in volume (12). Even if it is
postulated that the field increases cation permeability, it
is difficult to explain how a loss of cations could be
reversible. To reverse the process, the cations must move

against their electrochemical gradient, and the capacity
of the Na-K ATPase is orders of magnitude too small to
move so many ions in so little time (16). Thus, the rate at
which the change occurs and its reversibility exclude
cation movement as a possible mechanism for the effect.

Because cations are immobile and the intracellular
pressure is fixed by the aspiration pressure, we conclude
that the water movement out of the cell must be mediated
by a movement of anions. The fact that the response to the
field is not affected by blocking anion exchange (via band
3) indicates that a net transport of ions through some

other channel is involved. It is instructive to consider how
rapidly such transport must occur in light of published
values for the chloride permeability. For a change in cell
volume of 10%, a movement of chloride equivalent to a

change in concentration of -30 mM must occur. Thus,
whatever driving force is generated by the field must be
roughly equivalent to a concentration difference across

the membrane of 30 mM. The flux Jcl in response to such
a driving force is:

Jci = Pc,(C - C), (13)

where Pc1 is the permeability of the membrane for the net

transport of chloride, Ci is the intracellular concentration,
and CO is the extracellular concentration. Our measure-

ments of the time-course of the process show that the
movement must occur over a period of 10 s. Taking the
volume of the cell to be -100 ,nm3 and the surface area to
be 130 gim2, the permeability of the membrane must be
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-10' cm/s. This is -300 times higher than the value
measured using valinomycin (12). However, another
report (15) indicates that the permeability of red cells
measured in bulk with valinomycin may be a lot smaller
than the permeability observed for cells aspirated into
glass capillaries. Using a glass microelectrode to measure
chloride conductance in red cells from Amphiuma, Stoner
and Kregenow ( 1 5) found a value of 20-100 times greater
than the conductance measured using valinomycin in
those cells. Our conclusion that there is a (relatively)
rapid flux of chloride out of the cell is consistent with
Stoner's measurements of high chloride conductivity in
pipette-aspirated erythrocytes.

Although movement of water in concert with a move-

ment of anions provides a plausible explanation for the
effect we have observed, the details of the underlying
mechanism remain obscure. One possibility is that there
is a change in intracellular pH caused by the field,
resulting in a change in the ionization of impermeant
intracellular buffers (e.g., hemoglobin). Freedman and
Hoffman (5) have investigated the dependence of hemo-
globin ionization on pH. According to their findings, a

change in the charge concentration of hemoglobin of 20
mM will occur for a change in intracellular pH of -0.25
pH units. The persistence of the effect in ghosts may be
explained by the presence of residual hemoglobin and
other impermeant buffers within the ghost cells.
The dependence of projection length on potential was

linear for negative voltages, but appeared to saturate at
large positive voltages (Fig. 4). Even at the highest posi-
tive voltage, the length of the projection was greater than
the pipette radius, indicating that the saturation of pro-

jection length changes at positive voltages is a character-
istic of the mechanism responsible for the effect and not a

consequence of the cellular geometry. However, the sig-
nificance of this characteristic of the effect is not clear.

Although the precise mechanism responsible for the
effect is not known, its inhibition by micromolar concen-

trations of lanthanum indicates that surface charge may

be an important factor in the process. The effect of the
electric field is completely eliminated at a lanthanum
concentration of 0.4 mM. This is the concentration deter-
mined by Seaman and Pethica (14) to be the charge
reversal concentration for the electrophoretic mobility of
red cells. Alternatively, La3+ may reduce the effect of the
field by affecting the permeability of other ionic species
either by direct interaction with the channels or indirectly
via an effect of lipid organization.
The presence of cobalt or manganese in the suspending

buffer also reduced the effect of applied fields on the cell
volume, but these ions were not as effective as lanthanum
at eliminating the effect. It appeared that the higher the
charge reversal concentration for a particular cation, the

less effective that cation was at reducing the effect of the
field. Seaman's determination of charge reversal concen-
trations for these cations was based on electrophoretic
mobility. In this case, the surface charge is neutralized at
the "'shear plane." It is possible that in the present study it
is necessary to neutralize the charge at a different plane in
the vicinity of the surface, e.g., the Stern layer, and that
cobalt and manganese simply have a lower affinity for the
surface.
The observation that polyvalent ions reduce the effects

of the field raised the possibility that the reduction of the
effect in high salt concentration might have been due to
the increase in ionic strength and consequent shielding of
the surface charge. However, subsequent measurements
performed at constant external salt concentration with
sucrose used to increase the osmolarity of the suspending
medium to the appropriate level confirmed that it was the
increase in solute concentration that reduced the change
in cellular volume, and not shielding of external of surface
charge by high ionic concentrations (results not shown).

CONCLUSIONS

These results indicate that the electric field-induced
deformations of micropipette-aspirated red cells are due
to reversible changes in cellular volume. These volume
changes depend on the magnitude and polarity of the
applied field. The effect is not mediated by anion
exchange. Conditions under which the effect is minimized
include addition of 0.4 mM La3" to the suspending
medium and increasing the suspending solute concentra-
tion. A change in the ionization of hemoglobin caused by
the applied field is a possible mechanism for the effect.
The details of such a mechanism have not been resolved
but increased membrane permeability to chloride and
effects of applied fields on intracellular pH may be
implicated. The magnitude of the effect is significant, and
investigators should be aware of possible erroneous inter-
pretation of measurements obtained when electric fields
in micropipettes are not adequately controlled.

These studies have raised a number of important issues
about the transport of ions across the red cell membrane
that are outside the original scope of the study. These
indicate possible effects of membrane tension and/or the
proximity of a glass surface on chloride premeability and
intracellular pH. In addition, the anomalous decrease (!)
in electrical resistance when cells are aspirated at nega-
tive voltages remains unexplained. The mechanisms
underlying these phenomena may have general impor-
tance in the interpretation of electrophysiological studies,
and we look foward to their future delineation.
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APPENDIX A

Potentials reported in the present work are those applied between the
electrode in the pipette and the electrode in the chamber (ground). It
was not possible to calculate the potential drop across the cell itself
because of anomalous changes in resistance that were observed when
negative currents were applied. Ordinarily, the potential across the cell
could be calculated using a simple voltage divider model and measure-
ment of the empty pipette resistance, the pipette resistance with an
aspirated cell, and the potential applied across the electrodes. However,
when the applied potential was negative, the apparent resistance
between the electrodes decreased when a cell was aspirated into the
pipette tip and decreased further as the aspiration was increased.
Fig. A I shows the voltage required to produce a given current at several
different aspiration pressures. The solid line shows the voltage-current
dependence in the absence of an aspirated cell. Note that at negative
voltages less voltage is required to produce the same current when there
is a cell in the pipette tip than when the pipette is empty. This effect
depended on the empty pipette resistance. As the pipette geometry was
modified to lower its resistance from 100-200 Mg to 10-50 MQ2 the
magnitude of the decrease in resistance changed from - - 30% to -0%
(Figs. Al and A2). With all the pipettes examined, the resistance, as
measured with positive currents, always increased upon aspiration of a
cell and the increase was greater as the pressure was increased. This
anomalous behavior was verified using voltage clamp apparatus in
another laboratory. Using the resistance change measured for positive
voltages we estimate that -10% of the applied potential falls across the
cell itself.

APPENDIX B

In this appendix the importance of electromechanical forces is consid-
ered. There are two main contributions to the force on the cell from the
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FIGURE A2 Voltage-current relationships for the circuit with an aspi-
rated cell using a "low" impedence micropipette. Closed circles repre-
sent the circuit behavior with a cell aspirated at 3 cmHg with positive
current injected. Open squares represent the circuit with a cell aspirated
at I cmHg and positive current injected. Closed squares represent the
circuit with a cell aspirated at I cmHg and negative current injected.
Open circles represent the circuit with a cell aspirated at 3 cmHg and
negative current injected. The solid line represents the circuit without an
aspirated cell (33 MQ).

field: electrophoretic and electroosmotic. To evaluate the magnitude of
these contributions we consider the cylindrical region of the cell
projection where the membrane is in close apposition to the inner wall of
the pipette. The electrophoretic force results from the interaction of the
field with the net negative charge on the membrane. Let the surface
density of charge of the membrane be o:r and the membrane area in the
cylindrical region of contact be A,. The electrophoretic force is:

fph = U7mEAC, (B.1)
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where E is the electric field. For simplicity we have assumed that both am,
and E are constant along the region of contact. Note that the electropho-
retic force acts in the direction opposite to the movement of the
membrane projection that has been observed. The electroosmotic force
arises from the interaction of the field with the positive counter ions near

the surface of the membrane and the pipette. The force on the fluid (ff)
can be thought of as a body force (analogous to gravity) on the fluid. Its
magnitude depends on the field strength E and the charge density in the
fluid, pc. Although an exact calculation of the force is complex, an
estimate can be made if we assume that the electric field and the charge
density of the fluid between the membrane and the pipette are uniform.
The total force on a volume of fluid V is then:

ff = p,VE. (B.2)

FIGURE Al Voltage-current relationships for the circuit with an aspi-
rated cell using a "high" impedence micropipette. Closed circles repre-
sent the circuit behavior with a cell aspirated at 6 cmHg with positive
current injected. Open squares represent the circuit with a cell aspirated
at I cmHg and positive current injected. Closed squares represent the
circuit with a cell aspirated at I cmHg and negative current injected.
Open circles represent the circuit with a cell aspirated at 6 cmHg and
negative current injected. The solid line represents the circuit without an
aspirated cell (100 MQ).

At steady state there is a constant flow of fluid in the gap. The balance of
forces requires that the body force,ff, be equal and opposite to the sum of
the forces from shear stress on the fluid exerted by the membrane (-r')
and by the wall of the pipette (T'):

ff + TAm + T'pAp = 0, (B.3)

where Am and AP are the areas of the membrane and the pipette in the
region of contact. The total force on the membrane (TmAm =-T'A.)
from electroosmosis is

fo. = TrmAn = PcVE -TpAP (B.4)

t1- k.. . .. M pe. Asire o

W
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Note that the force of the fluid on the pipette wall TpAp = -T'Ap, and
that the force on the membrane acts in the same direction as the
observed movement of the membrane projection.

As the limiting case for the maximum electroosmotic force, let the
total positive charge in the gap be equal to the sum of the stationary
negative charges on the membrane and pipette:

PCV= (aTm + Up)Ac. (B.5)

For this case, the electroosmotic force on the membrane is:

fmo= (am + ap)EAc -rTpAp, (B.6)

and the net force is the quantity less the electrophoretic force
(Eq. B.I):

Let = opACE -TpAC. (B.7)

The magnitude and direction of the net force depend on what
assumptions are made about relative magnitudes of fluid shear forces
TmAm and rpAp, and the charge densities a.. and up. If we assume that the
surfaces of the membrane and the pipette are smooth and the distance
between them is small, then the flow can be approximated as a flow
between parallel plates, and we find (Eq. B.6): T,,Am = TPAP
E(um + ap)AJ/2. The net force per unit area becomes:

Ac ( 2 ) *. (B.8)

The magnitude and direction of the force depend on the relative
magnitudes of the charge densities ap and am. A different result is
obtained if it is assumed that the region between the membrane and the
pipette is filled with the glycocalyx. In this case it can be argued that the
fluid drag on the membrane (including the glycocalyx) is much greater
than the fluid drag on the wall of the pipette, and the term -rpAp
(Eq. B.4) can be neglected. In this case the net force per unit area is
(Eq. B.7)

fAtt!= a E. (B.9)

In this case the direction of the force is consistent with the movement of
the projection, and depends on the charge density on the pipette glass.

It should be emphasized that these equations overestimate the inward
force on the cell when negative potentials are applied. They disregard
the electrophoretic force on the remainder of the membrane and
overestimate the density of positive charge in the gap between the cell
and the pipette. Nevertheless, they are useful for making order-
of-magnitude estimates of the electromechanical force on the cell.
Accurate estimates are not possible because the charge density on the
pipette is not known. Estimates of ap made from measurements of
streaming potential in the glass capillaries from which the pipettes are
made indicate that it is similar in magnitude to the charge density of the
red cell (amr 4 x 10-6 C/cm2, [9]). Using this value, we can make a
few simple calculations to estimate the possible magnitude of the force.
Because of the high resistance of the pipette in the absence of the cell
and the low resistance of the "seal" between the cell and the pipette
(Appendix A), we estimate that the potential differences across the cell
itself is -100 mV when I V is applied across the electrodes. Supposing
that this potential change occurs over a projection length of -1.0 ,um, we
estimate the field in the region between the membrane and the pipette to
be 103 V/cm or or 10'° dyn/C. If the charge density on the glass is
equal to the charge density on the cell, the model leading to Eq. B.8 gives
a net force of zero, and the model leading to Eq. B.9 gives a net

force/area of 4 x 104 dyn/cm2. The additional membrane tension due to
the electric field (T7,) can be calculated from balance of forces:

2iRpT = ". 2irR L, (B. I 0)pC AC (B1O

where L is the length of the contact region. The example above gives a
value of T7, (Eq. B.9) of 4 dyn/cm. This is a significant contribution.
Although it is not sufficient to produce a change in membrane area as
large as 10%, it would be expected to cause lysis when the initial
membrane tension is >3 dyn/cm. The fact that lysis is not observed
indicates that our estimate is too high. However, it is clear that
electroosmotic forces can be significant under certain conditions.
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