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Summary. Evidence is presented to support the hypothesis that
electrical potentials generated during the freezing of aqueous
solutions (the Workman-Reynolds effect) may contribute to the
destabilization of the plasma membrane and cryoinjury of iso-
lated protoplasts. Specifically, (1) electric potential differences
of sufficient magnitude to cause lysis of the plasma membrane
occur during the rapid freezing of isolated protoplasts suspended
in sorbitol; (2) survival of protoplasts is inversely correlated with
the magnitude of the potential difference and (3) cold acclimation
increases the stability of the plasma membrane to applied electric
fields. A discussion is given of the different physical phenomena
thought to be involved in the Workman-Reynolds effect. The
basis equations for these phenomena are outlined.
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Introduction

The plasma membrane plays a central role in the
behavior of a cell during a freeze-thaw cycle (Ste-
ponkus, 1984). First, because the plasma membrane
is semipermeable, the cell behaves as an osmometer
in response to changes in the solute concentration
of the partially frozen extracellular solution. Sec-
ond, the intact plasma membrane is an effective bar-
rier to extracellular ice and precludes seeding of the
intracellular solution.

Disruption of the semipermeability or lysis of
the plasma membrane is a primary cause of freezing
injury (Steponkus, 1984). Cryomicroscopic obser-
vations of isolated protoplasts reveal that destabili-
zation of the plasma membrane can occur at various
times during a freeze-thaw cycle and may cause any
one of several distinctly different symptoms (Ste-
ponkus et al., 1983; Dowgert & Steponkus, 1984).
These include expansion-induced lysis during
warming and thawing of the suspending medium
when the decreasing osmolality results in osmotic

expansion of the protoplast; loss of osmotic respon-
siveness following cooling so that the protoplast is
osmotically inactive during warming; or altered os-
mometric behavior during warming suggesting a
transient loss of intracellular solutes or ‘‘leakiness™
of the plasma membrane. In addition, cryomicro-
scopic observations suggest that mechanical failure
of the plasma membrane is a cause rather than a
consequence of intracellular ice formation.

While expansion-induced lysis is the result of
mechanical stresses (surface tensions in the range
of 4to 6 mN - m~'), the other forms of injury occur
when the membrane is flaccid and isotropic tension,
v, is zero and curvature energies are negligible
(Wolfe & Steponkus, 1981; 1983a,b). In this case,
lysis or loss of semipermeable characteristics are
effected by other stresses. Most often, the chemical
stresses of electrolyte concentration and dehydra-
tion are considered to be responsible for injury.
This view, however, is disputed (see Steponkus,
1984). Heretofore, membrane destabilization due to
electrical perturbations has not been considered in
relation to cryoinjury. Electric fields applied across
biological and artificial membranes result in electri-
cal breakdown, increases in permeability to solutes,
membrane fusion, and mechanical breakdown (see
Zimmermann et al., 1981; Zimmermann, 1982, for
comprehensive reviews). This spectrum of mem-
brane disruption (fusion excepted) is quite similar to
that observed for freezing injury and prompts us to
inquire whether electrical perturbations contribute
to cryoinjury—especially mechanical breakdown
that is associated with intracellular ice formation.

In 1950, Workman and Reynolds reported mea-
surements of large steady and transient potential
differences across ice-water interfaces generated
during the freezing of dilute aqueous solutions. Sub-
sequently, many groups have reported potentials as
high as tens (or even hundreds) of volts during the
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freezing of dilute solutions of electrolytes (Lodge
et al., 1956; Levi & Milman, 1966; Gross, 1971;
Carnati & lllingworth, 1980). Although the Work-
man-Reynolds effect has been studied extensively
by scientists concerned with atmospheric electrical
phenomena, its possible significance in the area of
cryobiology has apparently not been previously
considered.

In this report, we consider the magnitude of the
Workman-Reynolds effect during the freezing of
isolated protoplast suspensions, its correlation with
freeze-thaw injury, and whether cold acclimation
alters the stability of isolated protoplasts in applied
electric fields.

Materials and Methods

PLANT CULTURE AND PROTOPLAST ISOLATION

Seedlings of Secale cereale L. cv Puma were grown for 7 days in
vermiculite in a controlled environment (16-hr light period at
20°C and 8-hr dark period at 15°C}. Nonacclimated plants were
maintained in this environment for an additional 7 days prior to
isolation of protoplasts. Plants to be acclimated were transferred
to a 13°C light period (11.5 hr)/7°C dark period (12.5 hr) regime
for one week and then transferred to a 2°C (10-hr light period)
regime for an additional 4 weeks.

Protoplasts were isolated from leaves in a solution of 1.5%
(wtfvol) cellulysin (Calbiochem), 0.5% macerase (Calbiochem),
and 0.3% potassium dextran sulfate as previously described
(Dowgert & Steponkus. 1983). For the isolation of protoplasts
from nonacclimated feaves, S00 mol - m * sorbitol was used as an
osmoticum. Isolation of protoplasts from acclimated leaves re-
quired 900 mol - m~ sorbitol as an osmoticum due to the increase
in the internal solute concentration during cold acclimation. Pro-
toplasts were washed 3 times in sorbitol and resuspended in a
sorbitol plus KCI (0 to 3.0 mol - m %) solution at a final titer of
1.50 x 10° protoplasts/ml. The LTy, (temperature at which 50%
of the protoplasts survived) was —3 to —5°C for nonacclimated
and —25 to —30°C for acclimated protoplasts frozen and thawed
in sorbitol solutions. The typical value of the radius of both the
acclimated and nonacclimated protoplasts was 15 um.

MEASUREMENT
OF THE WORKMAN-REYNOLDS EFFECT

The apparatus used for the measurement of the Workman-Rey-
nolds effect consisted of a Plexiglas® trough (2 cm long, | cm
wide and 1 cm deep), the ends of which were sealed to mylar-
clad blocks. A temperature differential was established by vary-
ing the temperature of the two copper blocks via circulating alco-
hol baths. Initially, the temperature differential was such that the
entire suspension was unfrozen. Ice growth proceeded in a unidi-
rectional manner when the temperature of the warm block was
lowered rapidly.

Electrical potentials were measured with platinum elec-
trodes, one of which became encased in ice immediately. The
other electrode was | cm away in the unfrozen solution. Poten-
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tials were measured with a high impedance electrometer
(Keithley Model 610C) with the output recorded on a strip chart
recorder.

PROTOPLAST STABILITY
IN APPLIED ELECTRIC FIELDS

The electrical stability of isolated protoplasts was studied using
three different methods: (1) microscopic determination of lysis in
an external electric field between closely spaced platinum elec-
trodes: (2) determination by conductivity measurements of the
release of electrolytes into the suspending medium in response to
external electric field pulses: and (3) monitoring of the protoplast
resistance following the application of an internal pulsed electric
potential via a microelectrode. All studies were conducted at
room temperature (T = 26°C).

For the microscopic determinations of lysis, a chamber was
constructed on a microscope slide by securing two paralle! plati-
num electrodes 200 wm apart. A 2-msec pulse of varied ampli-
tudes (1 to 30 volts) was applied. Lysis was determined visually
from digitized video images taken at 6-sec intervals following the
pulse. For the conductivity measurements. the conductivity of
the protoplast suspension was determined prior to the pulse,
immediately after the pulse, and then after three supra-critical
(30 volts) pulses.

For the intracellular electrode studies, individual proto-
plasts were gently held with a suction pipette and then impaled
with a microelectrode. A sequence of = voltage pulses of 35-
msec length of increasing magnitude was applied through the
microelectrode and at the same time the current flow was moni-
tored. From these measurements we derived the membrane re-
sistance R,, as a function of the intracellular potential V,,.

Theory

The potential differences between the liquid and
solid phases in the Workman-Reynolds effect are
large compared with the typical values encountered
in electrochemistry. These large potentials are
caused by a space charge that is maintained against
the electric field by the large energy flux in a system
which is far from equilibrium. Some early theoreti-
cal models of the Workman-Reynolds effect have
been discussed (Gross, 1954; LeFebre, 1967), but
these involve highly specialized assumptions which
were made so as to give simple analytical solutions.

Suppose that the position of a planar ice front is
given by X = Rt where R, its velocity, is assumed
constant. The ionic solution occupies the region x >
Ri, and, at ¢ = 0, it is neutral and homogeneous with
Zic.=Z_c_ = ¢, where z. and c¢. are the valence
and concentration of the ions. The electrochemical
potential g of all species is a continuous function of
x, and, therefore, the ratios of the concentrations of
ions in the layers on either side of the interface may
be given to a first approximation by the partition
coeffictents K. of each species between ice and wa-
ter:
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where 2 are standard chemical potentials in ice (/)
and water (w), k is Boltzmann’s constant and T the
thermodynamic temperature.

Initially, Z.c(X,) = Z_c_(X,) so that

ZF(.T(XI') _ & _
7o) K T (2)

where X, denotes the value of the x coordinate in
the liquid phase just outside of the ice front, and X;
the x coordinate just inside the ice. The K. are indi-
vidually large and differ greatly for different ions, so
r can be either a very large or very small number
(Gross, McKee & Wu, 1975; Gross, Wu et al.,
1975). Initially, therefore, one ionic species is de-
posited in the ice at a much larger concentration
than the other. Though these concentrations are
themselves small, they give large charge densities.
(A concentration difference of 1 mmol - m™* of ions
produces a charge density of 96 Coul - m~*.) We
shall neglect for the moment the difference between
concentration and activity, while noting that this
approximation may be improved by using the De-
bye-Huckel theory in which the activities a. are
given by

a. = c. expl—AcH1 + Baie!P)] (3)

where «¢;, A and B are constants for each species
(Maclnnes, 1961).

The deposition of a space charge in the ice is
diminished at ¢+ > 0 by two effects: First, both the
selective deposition of ions and the electric field it
sets up in the solution produce a concentration ex-
cess of the counter-ion in the region of the interface.
As Z.co(X M Z_c_(X,)] = l/r, the rate of charge
deposition approaches zero, R[Z.ci(X)) —
Z_c_(X)] — 0. Second, the electric field set up in
the ice sets up an ion flux in the ice which acts to
reduce that field. Hydrogen ions have the largest
mobility in ice. Therefore, for simplicity we con-
sider the case where the moving interface is accom-
panied by a flux of protons which gradually neutral-
izes the space charge in the ice.

The real steady state of this system is achieved
only when the concentrations of all species in the
ice near the interface equal their bulk values, that
is, when Z.c+(X;) = ¢,. It seems likely that the one-
dimensional approximation breaks down (due, for
example, to convection in the solution and irregu-
larities in the shape of the interface) before this
steady state is achieved. A quasi-steady state (QSS)
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in which the electric field in the ice is no longer
increasing rapidly 1s approached by the system as
Zoco X MZ-c (XI)]— /.

Electric fields that occur in the liquid phase can
be ascribed to two effects. First, as the system ap-
proaches the QSS, the charge density in the Stern
layer (a layer with a thickness of approximately one
ion diameter in the solution adjoining the interface)
is very large. In a system at equilibrium such a sur-
face charge sets up an ionic double layer described
by the Poisson-Boltzmann equation. In this system,
too, the field set up by this charge decays rapidly
due to screening by the counter-ions within a few
Debye lengths of the interface. A second contribu-
tion to the electric field in the liquid is made by the
different mobilities of the ion species.

Neglecting diffusion in ice by all ions except
hydrogen, the conservation of the ions implies

iy
a _{ ax"T x
ar =~ Lo, 0

AV

Rt =0
X

< Rt (4a)
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and where D. are the diffusion coefficients, ¢. the
ion charges, and @ the electrostatic potential.

The equation governing the proton flux in the
ice 1s:

d d
E(‘pf ‘ajp 0 < x <Rt (4b)
where

ad e d

J{, = —C{,D{, [(‘)_X In Cp — ﬁg} (D],
and where ¢, is the proton concentration, and D), is
the proton diffusion coefficient. Notice that the rate
of dissociation of H,O has been neglected in com-
parison with fluxes in Eq. (4b).

Poisson’s equation relates potential and charge
density, i.e.

0 d
Py (604 Py <D) = giCe + goc- + e, (5)

where ¢, is the dielectric constant of the solid or
liquid phase, and e is the magnitude of the electron
charge.
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Fig. 1. Electrical transients during the freezing of distilled water.

The electrostatic potential is that measured between an electrode
imbedded in the ice and an electrode in the liquid
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Fig. 2. Electrical potential during the freezing of a 1-mm NaCl
solution

For the general case involving transients, the
solution of Eqgs. (4) and (5) appears to require nu-
merical methods, which are currently being initi-
ated. Nevertheless, some general observations may
be made: Two characteristic lengths appear in Egs.
{4) and (5) in the region of the liquid phase. One is
the Debye length: A. = [ekT/(2¢+g%)]"2 which is of
the order of a few nanometers. The other is the
diffusion length:

Lt = MtkT/QtR - Dj/R-: (6)

where «.. are the ionic mobilities, and R is the speed
at which the ice front advances. For typical values
for electrolytes and for R ~ 1073 m - sec™!, we find
L. ~ 200 um. The large electric fields set up by the
charge in the Stern layer are expected to diminish
rapidly over a few Debye lengths. However, with-
out detailed solutions of Egs. (4) and (5), we cannot
rule out the possibility that significant transient
electric fields extend into the diffusion layer.

The total potential difference produced be-
tween the bulk ice and the bulk solution phases is
thus the sum of potentials produced across three
different regions: 1) a relatively small field over a
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Fig. 3. Cooling rate dependence of the magnitude of the electro-
static potential during the freezing of a I-mm NaCl solution
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Fig. 4. Electrical transients during the freezing of a (.5-M sorbi-
tol solution

large distance in the ice between the interface and
the end of the space charge; 2) a very large field
over a few Debye lengths in the ionic double layer;
and 3) a relatively small field possibly extending
across the diffusion layer in the fluid phase. The
sizes of these three components is not yet known,
but they are the subject of continuing experimental
and theoretical investigation.

Results

WORKMAN-REYNOLDS EFFECT

During the freezing of distilled water (10 k{} m resis-
tivity), a transient potential of about —8 V devel-
oped initially (the unfrozen water being negative
with respect to ice) (Fig. 1). As freezing progressed,
the potential reversed polarity to +9 V and was
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Fig. 5. Electrical potential during the freezing of isolated protoplasts suspended in 0.5 m sorbitol. A) cooled rapidly to - 10°C; B) cooled

slowly to —4°C

maintained until freezing was stopped. At that time,
a transient negative potential occurred but rapidly
diminished.

With a I mm NaCl solution, a potential of +10
V was developed during ice formation (Fig. 2). This
potential gradually declined as the rate of ice forma-
tion diminished and abruptly returned to zero when
the second electrode became encased in ice. The
magnitude of the potential increased at faster cool-
ing rates (Fig. 3). Although not measured here, this
is a result of the faster rate of ice formation (Levi &
Milman, 1966).

In previous studies (Lodge et al., 1956; Levi &
Milman, 1966), the Workman-Reynolds effect was
most pronounced during the freezing of dilute aque-
ous solutions of electrolytes and the potential went
through a maximum as the concentration of the so-
lution was increased. Therefore the occurrence of
the Workman-Reynolds effect in highly concen-
trated solutions of neutral solutes such as sorbitol
was of interest for application in the arca of cry-
obiology. During the freezing of 0.5 M solutions of
sorbitol (2.1 k€} m resistivity), a transient potential
of about —3.7 V initially occurred, but then dimin-
ished to zero (Fig. 4). A second transient of approx-
imately —5 V occurred when freezing was halted.

For protoplasts suspended in 0.5 M sorbitol (1.6
k€ m resistivity), a steady potential of —3.7 V oc-
curred during freezing at a relatively rapid rate to
-10°C (Fig. 5A). When freezing was halted, the po-
tential returned to zero. Following thawing of the
solution, only 12% of the protoplasts remained in-
tact and were osmotically responsive. When the
protoplast suspensions were cooled to —4°C at a
slower rate, no potential developed during freezing
and only a transient potential of less than —2 V
occurred when freezing was halted (Fig. 5B). Fol-
lowing thawing of the suspension, 60% of the proto-
plasts were intact and osmotically responsive. [As

this freeze-thaw protocol was to the LTs, the 40%
decrease in survival was attributed to expansion-
induced lysis (see Dowgert & Steponkus, 1984).]
Though only correlative, these observations corrob-
orate the suggestion that the electric field generated
during freezing may have resulted in lysis of the
protoplasts. Further, the visual appearance of the
lysed protoplasts was similar to that observed fol-
lowing thawing of protoplast suspensions in which
intracellular ice formation has occurred (see
Dowgert & Steponkus, 1983).

ProT1oPLAST LySIS IN ApPLIED ELECTRIC FIELDS

If electrical perturbations contribute to cryoinjury,
it is reasonable to expect that cold acclimation
might increase the stability of isolated protoplasts in
applied electric fields. Microscopic observations of
isolated protoplasts following an applied d-c pulse
confirm this expectation. For field strengths (F)
over the range of 25 to 150 kV - m~! (2-msec pulse
duration), the incidence of lysis was a function of E
(Fig. 6). For nonacclimated protoplasts, 50% lysis
occurred at E = 75 kV - m™'; for acclimated proto-
plasts, 50% lysis occurred at E = 140kV - m™'. AtE
=75kV - m™}, the V,, developed across the plasma
membrane was calculated to be 850 mV. Since the
pulse duration (2 msec) greatly exceeded the charg-
ing time (~10 usec; Lovelace et al., 1984) of iso-
lated protoplasts, the difference in the incidence of
lysis between nonacclimated and acclimated proto-
plasts was not attributable to differences in charging
time.

The stability of nonacclimated and acclimated
protoplasts in an electric field was also contrasted
by determining the release of intracellular electro-
lytes following a d-c pulse (Fig. 7). Again, a sub-
stantial difference in the stability of nonacclimated
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Fig. 6. Incidence of protoplast lysis as a function of electrical
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and acclimated protoplasts was observed. Approxi-
mately 50% of the intracellular electrolytes were
released at approximately £ = 40 and 90 kV - m™!
for nonacclimated and acclimated protoplasts, re-
spectively. Thus, increased permeability of the
plasma membrane occurred at values of E lower
than those that resulted in lysis.

The difference in the stability of the plasma
membrane of nonacclimated and acclimated proto-
plasts was also measured directly with intracellular
microelectrodes. Voltage pulses of 35-msec length
were applied to the electrode so as to give intracel-
lular potentials V,, increasing by increments of +0.1
V between pulses to max (V,,) = £1.5V (limited by
the available instruments). For the five nonaccli-
mated protoplasts studied, the critical intracellular
potential for lysis was found to be approximately 1
V > (V,)eie = 750 mV. The (V,,)cq values for lysis
were clearly identifiable by the marked decrease of
the membrane resistance from typical values of R,
~ 200 to 500 M€ to values of R, < 50 M(). For the
five acclimated protoplasts studied no lysis was ob-
served for V,,’s up to =1.5 V.

Discussion

Destabilization of the plasma membrane resulting in
either increased permeability to solutes (*‘leaki-
ness’’ or loss of osmotic responsiveness) or me-
chanical breakdown (lysis) is a primary cause of
freezing injury of isolated protoplasts. In addition,
intracellular ice formation during rapid cooling of
isolated protoplasts is a consequence of mechanical
breakdown of the plasma membrane allowing for
the supercooled intracellular solution to be seeded
by the extracellular ice. The fact that altered semi-
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permeable characteristics or mechanical breakdown
of the plasma membrane of isolated protoplasts can
also be effected by the application of electrical fields
led us to query whether electrical perturbations
contribute to freeze-thaw injury. The observations
reported herein support this possibility.

First, large potentials are generated during the
freezing of aqueous solutions of electrolytes (NaCl,
Fig. 2) with the magnitude of the potential a func-
tion of the velocity of ice formation (Fig. 3). These
potentials are a consequence of the Workman-Rey-
nolds effect. Qualitatively, the Workman-Reynolds
effect is easily understood. When a solution of elec-
trolytes is frozen at a finite rate, ions of one sign
tend to be included in the ice in a greater concentra-
tion than that of the other sign so that a charge
separation occurs across the interface. The size of
the electric potential thus generated depends on the
freezing rate and the mobility and asymmetry of the
electrolyte. Since the original report of Workman
and Reynolds (1950), various authors have reported
potentials as high as tens (or even hundreds) of
volts in dilute solutions of electrolytes in which an
ice interface moves at speeds of the order of 10-° m
- sec™! (Levi & Milman, 1966; Gross, 1971; Carnati
& Illingworth, 1980).

Second, the generation of electric potentials of
sufficient magnitude to lyse the plasma membrane is
observed during the freezing of protoplasts sus-
pended in nonelectrolyte (sorbitol) solutions. Pre-
sumably, the low electrolyte concentrations (1.6 k)
m resistivity) of the suspensions are due to the dif-
fusion of electrolytes from the protoplasts. More
important, however, was the fact that the survival
of the protoplasts is correlated with the magnitude
of the electric potential generated. When frozen at a
rapid rate (> 3°C - min™') to —10°C, there is a high
incidence of intracellular ice formation in nonaccli-
mated protoplasts (Dowgert & Steponkus, 1983).
Under similar freezing conditions, an electrical po-
tential of nearly 4 V was measured (Fig. 5«¢). For
nonacclimated protoplasts, a transmembrane po-
tential of 0.75 V resulted in lysis (Fig. 6). When
frozen at slow rates to —4°C, no electrical potential
was observed and 60% of the protoplasts survived.
Under this freeze-thaw protocol, approximately
50% survival is expected with injury being the result
of expansion-induced lysis during thawing
(Dowgert & Steponkus, 1984).

Third, if electrical perturbations contribute to
cryoinjury one would expect cold acclimation to in-
crease the stability of isolated protoplasts to electri-
cal fields, This expectation was confirmed by the
direct observation of protoplast lysis (Fig. 6) and
measurement of the release of intracellular electro-
lytes (Fig. 7). The critical membrane voltage for
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lysis was determined to be 0.85 V for nonacclimated
protoplasts and ~2.00 V for acclimated protoplasts.
Further, at voltages that did not result in lysis, sig-
nificant increases in the conductivity of the sus-
pending medium occurred—indicative of increased
membrane conductance (increased solute permea-
bility) at sublytic field strengths. The use of intracel-
tular electrodes for characterizing the critical V,,
yielded similar results.

Thus, although the evidence garnered to date is
largely correlative, it consistently supports the hy-
pothesis that electrical perturbations which arise
during or following freezing of aqueous solutions
contribute to freezing injury. To make a formal
case, however, it is necessary to demonstrate that
an electric potential sufficiently large to lyse the
membrane is generated across it during the passage
of the ice front. The spatial variation of the Work-
man-Reynolds potential is still unknown, so the in-
tensity of the associated electric fields are un-
known. The conductivity of the cytoplasm is very
much greater than that of the plasma membrane,
however, so most of any potential difference ap-
plied to the region containing the cell appears
across the membrane. Two extreme cases illustrate
this: The total potential is large, so (i) if the field is
localized over a small region in space (say < 10 nm)
then it must be very large (> 10°V - m™") and (ii) if
the field is relatively small (< 10° V - m™') then it
must extend over a large range (> 107% m). We
consider these possibilities in turn.

The cytoplasm is very much more conductive
than the plasma membrane, so in an external elec-
tric field which does not vary rapidly with time, the
electric potential is constant on the inner side of the
plasma membrane (see Lovelace et al., 1984). If
two different points on the exterior of the plasma
membrane have potentials which differ by V. then
this potential difference appears across the mem-
brane.

Consider first a cell in an electric field which is
localized over a distance d which is much smaller
than the diameter of the protoplast. For example, d
might be of the order of a few Debye lengths. The
region of high field moves with the ice front and
therefore the high field region passes the cell. The
potential of the solution immediately outside the
membrane changes from the potential of the bulk
solution to that of bulk ice as the high field region
passes by. By hypothesis, the field is highly local-
ized, and so, at some time during the passage of the
high field region two points outside the membrane
separated by a distance greater than ¢ have a poten-
tial difference which could be an appreciable frac-
tion of the total freezing potential. For a freezing
rate of R ~ 107" m/sec and a Debye length of A ~1

197

T T d T & T T
% 100 ~ Pulse Duration=2ms . L
z o NON-ACCLIMATED {
= 0 ACCLIMATED
& 8o 4
= .

[ ]
% e0f . 1
0 o
o
5 1
w40 L * y
] o ©
. L
=z o]
b 20f o .
Q
i . 5 © ]
w °
e 0 1 gl 1 ] L i e 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

FIELD STRENGTH (kV/cm)

Fig. 7. Release of intracellular electrolytes from isolated proto-
plasts as a function of electrical field strength

nm, the time-scale of the electric field “‘pulse”
across the membrane is MR ~ 107 sec., which is
long compared with the RC charging time scale of
the protoplast (Lovelace et al., 1984).

At the other extreme, consider a cell in a rela-
tively weak field which extends over a distance
larger than a cellular diameter, 2r. This can be ap-
proximated by a field (with strength E) which is
constant far from the cell. Solving Poisson’s equa-
tion with suitable boundary conditions shows that
the transmembrane potential difference is 3E+/2 at
points on a cell axis parallel to the field. Suppose
that a freezing potential of 10 V were spread over a
distance of 200 um, yielding a field of ~5 X 10* V -
m~'. For a protoplast with r = 15 um, a peak poten-
tial difference of ~1.1 V is generated across the
membrane. Thus, whether the field extends over
nanometers or microns, at some time during the
passage of the high field region the membrane may
be exposed to a potential which is a substantial frac-
tion of the total Workman-Reynolds potential.

Cryomicroscopy reveals that the geometry of a
cell being engulfed by ice is not adequately repre-
sented by a parallel field at a planar interface
(Dowgert & Steponkus, 1983). Most often one or
more channels of solution connect the pool of solu-
tion containing the engulfed protoplast to the reced-
ing interface. This channel of highly conducting so-
lution would keep the potential near most of the
plasma membrane near that of the bulk solution. In
this state, the approach of ice towards the mem-
brane at any point would produce a potential differ-
ence across the membrane at this point,

In summary, the experimental observations and
theoretical analyses suggest that electrical tran-
sients that occur during the freezing of aqueous so-
lutions may contribute to destabilization of the
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plasma membrane and result in cryoinjury. Al-
though direct measurements of membrane potential
during a freeze-thaw cycle will present significant
technical problems, such studies are warranted.

This material is, in part, based on work supported by the Na-
tional Science Foundation under Grant PCM-8021688 and the
U.S. Department of Energy under Contract DE-AC02-81ER
10917 and Grant DE-FG02-84ER 13214. Department of Agron-
omy Series Paper No. 1512,
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