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ABSTRACT

The volume of isolated protoplasts of rye (Secale cereale L. cv Puma) in
& suspending solution at constant concentration is shown to be negligibly
changed by tensions in the plasma membrane which approach that tension
necessary to lyse them. This allows a detailed investigation of the plasma
membrane stress-strain relation by micropipette aspiration.

Over periods less than a second, the membrane behaves as an elastic
two-dimensionat fluld with an area modulus of elasticlty of 230 millinewtons
per meter. Over longer periods, the stress-strain relation approaches a
surface energy law—the resting tension is independent of area and has a
value of the order 100 micronewtons per meter. Over longer periods the
untensioned area, which is defined as the area that would be occupied by
the molecules in the membrane at any given time if the tension were zero,
increases with time under large imposed tensions and decreases under
sufficiently small tension. It is proposed that these long term responses are
the result of exchange of material between the plane of the membrane and
& reservoir of membrane material. The irreversibility of large contractions
in area is demonstrated directly, and the behavior of protoplasts during

otically induced cycles of contraction and expansion is explained In
terms of the membrane stress-sirain relation,

When the volume of isolated protoplasts is reduced by transfer-
ring them to a medium with greater osmotic pressure, the area of
their plasma membranes is also reduced and they regain thejr
spherical shape. Thus, osmotic expansions and contractions of
spherical protoplasts both produce changes in the area of the
plasma membrane.

Steponkus and co-workers (22, 23, 25) have shown that one
may ascribe o a population of protoplasts an absolute surface
area increment, greater expansions than which cause the plasma
membrane to lyse. This increment is independent of the extent of
contraction. One form of freeze-thaw injury suffered by proto-
plasts from nonacclimated tissue is the result of incompletely
reversible contractions of the plasma membrane during freezing
of the suspending medium (22, 23, 25). These studies suggest that,
during large deformation, the mechanical properties of the plasma
membrane of isolated protoplasts are qualitatively different from
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those of other membranes hitherto studied, and that particular
mechanical properties may, in part, confer on a given protoplast
its propensity to Iyse during a given freeze-thaw cycle, or other
cycle of osmotic contraction and expansion.

Previous experimental and theoretical studies of the mechanical
properties of biological membranes have been almost exclusively
of sea urchin eggs (4, 15) and RBC® (16, 19, 24) and have usually
considered only small or zero changes in area. The mechanical
properties of RBC have been considered in several sophisticated
analyses (3, 5) and the classical treatment of viscoelasticity has
been extended to describe the SSR of RBC (6). Tensions have
been measured in the membranes of protoplasts from giant algal
cells (12) but, as in Reference 15, changes in area were not
reported.

Previously (28), we have reported briefly the measurement of
the SSR of the plasma membrane of isolated rye protoplasts, using
the elastimeter of Mitchison and Swann (15). In this paper we
report: (a) aa analysis of the use of the elastimeter which demon-
strates that, in this system, changes in area may be determined
more accurately than in other systems hitherto studied; {b) meas-
urements of the SSR of the protoplast plasma membrane including
its resting tension, its elastic modulus, the time dependence of area
changes caused by imposed constant tensions, and the change
with time of the tension necessary to maintain a given deformation
in area; and (¢) a direct demonstration of the critical role of
membrane contraction in lysis caused by osmotically induced
contraction and expansion,

MATERIALS AND METHODS

Seedlings of rye (Secale cereale 1. cv Puma) were grown as
previously described (25) for 2 weeks at 20/15°C (day/night, 13-
h photoperiod). Under these conditions, the seedlings did not cold
acclimate and 50% of the crowns survived a freege-thaw cycle to
—2°C. Protoplasts were enzymically isolated in 0.53 Osm sorbitol
solutions (in which their average size is inferred 1o be approxi-
maely equal to that in vivo) using a method previeusly described
(25), except that the leaves were brushed with earborundum
powder instead of being finely chopped prior to digestion. Proto-
plasts ranged in radius from 7 to 25 gm in the 6,33 Osm suspending
media. Except as noted, those with radii of 20 % 1 um were
routinely chosen for the experiments reported here.

The elastimeter of Mitchison and Swann (19) comprises a
micropipette which abuts the cell and a manomeier with which a
negative pressure is applied (Fig. 1). Pipettes were made by pulling
1-mm diameter glass tubing on a commercial electrode puller, The
tips were then snapped off and only those with a neat planar

? Abbreviations: RBC, red blood cells; N, Newton; Osm, osmolal; SSR,
stress-strain relation; TSAI tolerable surface area increment.
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A - Chamber containing the cell suspension
B — Glags micropipette of radius - 10pm
€ - Cannecting tube to pressure transducer
D - Micromanipulstor arm

E - Microscope chjective

F - Translating microscope stage

G - Protoplatt

H - Vacuols

K - Fine pressure control
L = Coarse prassucs control

FiG. |. The modified version of the elastimeter of Mitchison and
Swann (15).

annulus to which the pipette axis was normat were retained. These
pipettes were then very slightly anncaled in a warm heating coil
to seal any submicroscopic cracks and to allow the surface tension
of the glass to blunt any sharp irregularities on a submicroscopic
scale which otherwise might have impeded the movement of the
membrane, but pot to the exient that microscopically observable
rounding of the edges occurred.

Pipettes were mounted on a micromanipulator and connected
via a flexible tube to a manometer in parallel with two syringes,
one of which was a micrometer syringe for fine pressure control
(Fig. 1}. The manometer and the pipettes were loaded with a
sorbitol solution of the same concentration as the cell suspension.
All solution osmolalities were determined with a freezing point
osmometer. In a few experiments, one drop of homogenized milk
was added to 3 ml of the cell suspension. The fat globules were
just resolvable and their uniform movement was used to indicate
flow in the solution. With no obstruction in the pipette, the
pressure was adjusted to produce no net movement of the globules;
this pressure was used to establish the manometer reading for
which P = 0 before and after each experiment. When a protoplast
was on the pipette, movement of globules in the pipette would
indicate a leak and no measurement would be taken, After some
practice, it was possible to use the motion of a chloroplast from
another (ruptured) protoplast to indicate any currents, and the
milk was omitted.

Measurements were conducted 3 to 5 mm from the air-solution
interface in a hemocytometer chamber 0.1 mm deep and with a
volume of 9 pl. Experiments were conducted within 6 min of
loading the hemocytometer to ensure that any concentration
gradient caused by evaporation at the air-solution interface had
negligible influence in the region being used for measurements.
This consideration is discussed in “Accuracy of Measurements.”

Experiments to confirm the constancy of volume and the ac-
curacy of Equation 3 used large pipettes (5 pm < 2 < 8 um) to
produce large area deformations. The pressure was quickly low-
ered to produce a tension of 3 mN m™ in the membrane and D
and d were measured as the protoplast slowly intruded into the
pipette. When the intrusion stopped or markedly slowed (usually
due to intrusion of the vacuole), the pressure was slowly decreased
until lysis occurred. The last value of 2 was recorded to calculate
the TSAIL

For the independent manipulation of volume and area, osmotic
excursions were conducted in the hemocytometer as follows: a
drop of the protoplast suspension (0.53 Osm sorbitol) was injected
on one side of the chamber, and a drop of hypertonic sorbitol
solution (1.20 Osm) was injected on the other side. The point of
a needle was used to draw a long narrow neck between the two

2n

drops, producing a localized region of steep concentration gradient
between two larger volumes of iso- and hypertonic solution. (The
diameters of protoplasts at positions remote from the neck did not
observably change over 5 min, indicating that, over this time, the
amount of sorbitol that had diffused through the neck had changed
the concentration in the two original drops by less than 4%.)
Protoplasts were ‘towed’ with the pipette (loaded with hypertonic
solution} about 5 mm through the narrow neck to the hypertonic
side. After 5 min, a drop of isotonic solution was injected into the
original isotonic side and the protoplast returned to isotonic with
the pipette.

RESULTS
ANALYSIS OF THE USE OF THE ELASTIMETER

The elastimeter of Mitchison and Swann (15) comprises a
micropipette which abuts a cell and to which a negative pressure
is applied. The region of the membrane delimited by the pipette
is distorted to produce a curvature larger than that in the rest of
the membrane. From these curvatures and the pressure applied,
the tension v, is obtained (15) from

y=—P/Q2/r - 2/R) ()

where P is the pressure in the pipette, R the radius of the cell, and
r the radius of the deformed section. The assumptions underlying
the application of this equation to the protoplast plasma mem-
brane are discussed in Appendix 1.

Small changes in the surface area of protoplasts (diameters 30
~ 45 ym) may not be measured directly inasmuch as the limits of
optical resolution of the diameter introduce an error of £3% in
the total area 4. We show here that, because of the osmometric
properties of the protoplast and the fragility of its membrane, the
volume is conserved (to an excellent approximation) during ma-
nipulations with the elastimeter. This constancy of volume allows
& more accurate determination of area changes than is possible in
other sysiems studied previously.

Consider a pressure difference across 2 membrane (P;) which is
the result of osmotic concentrations which differ by AC. P;
(ReT)AC where T is the (absolute) temperature and R, the gas
constant. If C is the external osmotic concentration and N the
effective number of intracellular osmotic molecules, then AC =
N/(V — b) — C, where b is the osmotically inactive volume.
Because the volume at osmotic equilibriyem, ¥, = N/C + b, the
amount by which the volume differs from an ideal osmometer is
given by

AC —Pg- 2]/

C CRT) RCRT

For y =1 mN m™, R = 20 ym, C = 0.53 Osm, and R,T = 2.24
X 10° Pa.L/mol (all typical values), AC is ~10™, ie. the volume
is ~0.01% smaller thar calculated for an ideal osmometer. Thus,
tensions of this magnitude will not sensibly change the volume of
a pretoplast at constant concentration,

The constancy of volume has been (ested for large deformations
in the pipette using tensions approaghing those which lyse the
membrane. The geometry of the migropipette elastimeter (Fig. 2)
is analyzed in Appendix 2, and expressions for the surface area
and volume of a protoplast arg given in terms of the radius of the
pipette (a) and the variables 4 and B which are defined in Figure
2. Figure 3 plots the volume of protoplasta (with a e of sizes)
as a function of D, the length of tho intrusion into the pipette.
These results show that, to the accuracy of optical resolution, the
volume of the protoplast is conserved.

Appendix 2 also derives the following ¢xpression for the change
in area (A4) caused by deformation in the pipette employing the
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Fi1G. 2. a, Schematic diagram illustrating parameters determined in
stress-strain measurements; b-e, Photomicrographs illustrating the A4
resulting from an increase in y.

observation of constant volume

_ a[Do® + D* ~ D3R ~ 2DDy]
#[a(2D — a + 4Dy/3) + D — 4DDy]

where Dy = a®/2R. AA, thus calculated, and the area 4 calculated
directly from geometry, are also plotted in Figure 3 as a function
of D. Equation 3 is shown to be accurate to the limit of optical
resolution. In all results that follow, y and AA are calculated from
Equations 1 and 3. All the experiments whose results are shown
in Figure 3 were terminated by lysis'of the plasma membrane and
50 the TSAI sustained before lysis is indicated on the figure. For
a population of 22 protoplasts with a mean area of 2750 + 200
pm’, the mean value of TSAI thus measured was 610 um® and the
sample sp was 100 pm”®. Both the mean and the variation agree
well with values determined from osmotic manipulation of a
protoplast population (23), but this may be fortuitous since the
manner in which the tension was increased is likely 1o be very
different from the way in which it increases during an osmotic
expansion.

Accuracy of Measurements. The largest uncertainties intro-
duced into measurement of the SSR are those due to the inability
to resolve distances observed under the light microscope to better
than 0.5 um. For a protoplast of radius 20 pm, this introduces an
error of +£3% in the estimation of surface area (150 um® in a total
area of 5000 um®). With the constant volume assumption, however,
measurements of the change in area may be made with & smaller
uncertainty which is determined by the accuracy to which the
geometry of the deformation is known. This uncertainty is repre-
sented in Figures 3 to 6 by error bars. With a pipette of radius 4
pm and a protoplast of radius 20 pm (as in Fig, 4), the resultant
error in AA calculated from Equation 3 is 10 pm?

D=<a
D>a
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Because the pipette constitutes a cylindrical lens and thus might
be expected to cause an erroneous measurement of 2a when
viewed in a direction perpendicular to its axis, its diameter was
measured by observation along its axis with episcopic illumination.
A more precise measurement was possible after it was established
(see “Results”) that protoplasts conserved their volume at constant.
concentration. Small protoplasts were slowly drawn completely
into the pipette until their shape was cylindrical with hemispher-
ical ends. From the length of this shape, the original spherical
diameter, and simple geometry, the radius of the pipette could be
calculated. Since the volume of the spherical protoplast can be
determined +5%, and the length of the rod-shaped pratoplast can
be measured +0.5%, 2a can in principle be determined as +3%,
Using protoplasts of different sizes, values of a for a given pipette
were calculated with a sample sp of 0.1 um. The cylindrical lens
does not of course affect the measurement of D.

Resolution errors in y are therefore not large if D > g, though
they can be substantial if D < a as is indicated by the error bars
in Figure 6, The pressure can easily be measured with an accuracy
of 1% so it contributes only a negligible error in v.

The error in A4 introduced by nonconservation of volume is
small for changes in volume produced by hydrostatic pressures in
the cytoplasm (at y = 2 mN m™, this error is about 2 pm®).
However, the possible effects of volume changes resulting from
changes in concentration are more serious. An increase in concen-
tration of 0.1% produces 2 decrease in volume of about 0.1%. For
a protoplast of radius 20 pm, this change increases D by about 0.5
wm, Le. introduces an error equivalent to that introduced by
resolution.

Because masipulation of a fine pipeite in a thin chamber
becomes increasingly difficult at greater penetrations, stress-strain
measurements were conducted between 3 and 5 mm from the air-
solution interface. Evaporation at this interface concentrates the
surface solution and solutes slowly diffuse back towards the region
in which the experiment is conducted. Since concentrations will
only change with time if a concentration gradient in space exists,
the time dependence of concentrations will be indicated by thes
presence of concentration gradients. We tested for concentration
gradients thus: the pipette pressure was adjusted so that the
membrane was stationary in the pipette, and the pipette was then
moved in the chamber (or more usually, the chamber was moved
relative to the pipette). As the edge of the chamber was ap-
proached, the protoplast contracted in volume, thereby increasing
its surface area to volume ratio and thus intruding farther into the
pipette. If a rapid transiation of the stage produces no observable
change in the extent of intrusion into the pipette, the error
introduced in the measured change in area by a possible change
in concentration is pot larger than the resolution error, If a
translation of the stage by 500 pm produced no observable change
in the position of the membrane, we assumed that concentration
changes were negligible. To avoid such possible errors, all stress-
strain experiments were conducted within 6 min of loading the
chamber.

Evaporation at the air-solution interface is also expected to
change the shape of the meniscus and its surface tension, and thus
affect the hydrostatic pressure in the chamber. Over 6 min, changes
in hydrostatic pressure in the chamber were usually less than 5 Pa
and were neglected.

STRESS-3TRAIN RELATION

Resting Tension. For protoplasts whose area has not been
deformed, the resting tension, v, is typically 100 uN m™, though
the population variation is also of this order. We note that this
range of resting tensions is much smaller than the tension neces-
sary to lyse the membrane (~4 mN m™) and is very much smaller
than the area elastic modulus discussed later (230 mN m™). The,
range of values of y, is equivalent to the range of changes in
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F1¢. 3. The arcas and volumes of protoplasts when deformed with a lirge micropipette. Against displacement into the pipette (D) are plotted the
area (O) and volume (@) calculated from Equation 7a and the A4 () calculated from measurement of D and from the assumption that the protoplast
behaves as an osmometer, Le. that its volume is constant at constant concentration. The errors incurred by inability to measure distances to better than
0.5 pma are shown in ¥ and 4 on only one datum, for clarity. The errors thus introduced in A4 ase smaller than the size of the symbols. Given the
unavoidable error in calculating ¥ and 4, it is clear that they are consistant with ¥ constant and A4 as calculated.

which would result from elastic expansions of the membrane of
about 0.2%, so that although the relative variation is large, the
absolute range of v, is small.

The same range of v, (zero to several hundred pN m™) is
observed for populations of protoplasts isolated in 0.53 Osm

orbitol (an osmolality that results in a cell volume inferred to be

‘ ual to that in vive) and subsequently equilibrated in 0.41 or 0.70

olal sorbitol for 1 h or more. These osmotic manipulations
produce, respectively, increases or decreases in area of 15%.

Time Dependence of the Stress-Strain Relation. The time-
dependent SSR which is implied by the results of the aforemen-
tioned experiments may be most readily demonstrated by the
response of AA(¢) to a step change in tension. In this series of
experiments, the pipette was abutted on the protoplast and at f =
0 a pressure large enough to produce a tension of 2.00 mN m™’
was applied over 1 s. D, and therefore A4, was observed as a
function of time for 3 min. The pressure was then decreased to a
value only just large enough to hold the protoplast in the }lJipctte.
(This corresponded to a membrane tension of =50 4N m™.)

The rapid increase in tension to 2.00 mN m™ produced a
change in area of about 1% which appeared to occur as quickly as
the tension was increased, Le. the area increased by 1% in rather
less than 1 s from the time of application of the increased temsion.
This change was elastic: a negative area change of about the same
magnitude was produced if the tension was lowered. The rapidity
of this initial response indicates that, for periods of I 5 or more,
the effects of the viscosity of the membrane may be neglected.
Though the membrane may exhibit two-dimensional viscoelastic-
ity in time scales much smaller than I s, for the periods considered
here, the membrane behaves as a nonviscous two-dimensional
fluid, The area continued to change with time after the increase
in tension, but at a much slower rates. This area change may be
considered ‘plastic’ in the sense that it was only very slowly
reversed when the tension was relaxed. The form of this change
in area with time varied for different protoplasts.

. Long term (minutes) changes in area with time at constant
_Gsion were observed for a population of protoplasts. In all cases,
e area increased, though sometimes with a decreased rate after

about 30 or 40 s, until the protoplast lysed, or the vacuole cocluded
the pipette, or the experiment was terminated at =5 min. The

fractional rate of increase in area | Z = 124 at y = 2.0 mN

A at
T
m™! was about 107 s™* with a large variation in the population.
Figure 4 shows a typical result. After 2 min 30 s, the tension was
quickly relaxed to 55 uN m™, and the area rapidly decreased by
45 um®, and then decreased slowly with time,

Time-dependent changes in the unstreiched area are also indi-
cated by the observation of the tension required to maintain a
constant area. In these experiments, a large tension was applied,
rapidly producing a small intrusion into the pipette. The pressure
(and thus the tension) was adjusted with time to maintain the
same value of A4 and thus of A. Figure 5 shows a typical result.
The tension decreases quickly at large tensions but the rate of
decrease in tension decreases as the tension decreases. After S min,
when the experiment ended, the tension was 600 yN m™ and still
decreasing. Though the pressure may be accurately measured, a
larger error is introduced by the resolution error in A4. The ecror
bars in this plot are therefore the largest change in tension which
would not change Ad perceptibly, calculated wsing the elastic
modulus derived from the rapid initial deformation,

The Elastic Modulus, From the response of 84 to a ste change
in tension (Figs. 4 and 5), it is seen that the short term (seconds)
change in area is predominantly elastic or reversible. To investi-
gate this elastic response, the membranes of protoplasts were
subjected to rapid expansion-contraction sequences And a stress-
strain plot (y versus Ad} produced. A typical result is shown in
Figure 6. This plot depicts a sequence of slow ¢xpansion, rapid
contraction, slow expansion, and rapid contraction (the data were
taken at 20-s intervals). During a copitraction, the tension is low,
and Figure 4 shows that at low tensigns A4 changes relatively
slowly. Rapid contractions are therefpre presumed “mdomimdy
elastic and are used to calculate the elgstic modulus from &4 =
(8y/84)-A. The mean value was 230 mN g1~ and the sample sp
was 50 mN m™" ( = 28). Whereas the large variation in measure-
ments of y principally represents the result of a large variation in
Y- among protoplasts, the sample sb in the measurements of k4 is
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Fic. 4. This plot of A4 versus time at constant tension shows clearly the time dependence of the SSR. A tension 2 mN m ™" is applied at # = 0 and
an elastic deformation (A4 = 61 pm®) is produced virtually immediately (that is, as fast as the tension can be changed). The area continues to increase
with time until, at f = 2 min 30 s, the tension is lowered to 55 uN m". This relaxation produces a rapid contraction of 43 gN m™". Note that during the
application of high y there has been &n extensive change in arca of about 255 pm®. At this low tension, the area decreases with time for the remainder

of the experiment.
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Fig: 5. To a protoplast of area 2210 um? with y, about 100 gN m™" is
applied a tension 4 mN m™ at £ = 0. This causes an immediate (elastic)
area increase of 40 um?. The tension is thereafler adjusted to maintain
constant area. The relaxation of tension with time (a5 new material is
incorporated) is shown.

equal to that expected due to the limitation of optical resolution,
as discussed previously.

Independent Manipulation of Volume and Area. Previous studies
(22, 23, 25) have shown that to protoplasts isolated from a given
tissue may be ascribed TSAJ, expansion greater than which causes
lysis and which quantitatively accounts for the incidence of injury
in nonacclimated protoplasts subjected to a freeze-thaw cycle (25).
These conclusions were reached from studies of the behavior of
populations of protoplasts. With micropipette aspiration, it was
possible to test them directly.

Protoplasts of radius 19 to 21 um were transferred to hypertonic
and returned to isotonic sorbito} solutions after 5 min. In one
experiment, the protoplasts were allowed to contract in both area
and volume; in another, a small tension (~100 N m™') was
applied with the pipette and continuously adjusted so that the
area of the plasma membrane was approximately conserved, while
the volume of the protoplast contracted,

3r | -
2 -
¥ L
mi.m
1 -
L e
0

1~ 8Aq s (PR} A R

L 1 1 1 1 1 1 i

1
0 16 20 30 40 50 60 70 80
AAjpm2

FiG. 6. A stress-strain plot {y versus 4A4) with points taken at 20-s
intervals. The protoplast has an initial total area of 3530 pm” and the
pipette radius is 5.2 pm. Vertical error bars represent the estimated error
in the pressure. Lateral bars indicate the error introduced by an error of
one-half wavelength in displzcement measurements. These are not hori-
zontal since, at small D, errors in D affect y as well as Ad. The rapid
conttactions under low tension are assumed elastic, and the area change
in the second expansion has therefore been divided into its elastic and
extensive components, as shown.

. —
90 100

Protoplasts allowed to contract without constraint on area con-
tracted volumetrically over 10 to 30 s to an irregular flaccid shape.
During the 5-min exposure to hypertonic conditions, the shape
gradually became more regular, and in some cases returned ap-
parently to sphericity. Of 20 protoplasts so transferred to 1.20
Osm hypertonic solution without constraint on area, 11 lysed on
return to isotonic. The remaining nine protoplasts appeared to
have very high membrane tensions when returned to isotoni
either their membranes were too taut to seal on the end of th
pipette, or else they burst when negative pressures of a few
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hundred Pa were applied. '

In contrast, when area was cbnstrained by tension to remain
constant by application of a negative pressure {resulting in intru-
sion of the plasma membrane into the micropipette during osmotic
contraction), the protoplasts always survived the return to isotonic
conditions (Fig. 7). In both cases, the ratio of volume at isotonic
to volume at hypertonic was io the range 1.8 to 2.0, as predicted
by the Boyle-van’t Hoff relation (23). All protoplasts which sur-
vived return to isotonic regained their original volume to the
accuracy of optical resolution.

These experiments led to an intetesting observation: the intru-
sion was so large (50 pm < D < 120 wm) that the vacuole was
drawn into the pipette. The long thin cylindrical section of the
vacuole usually divided spontaneously into several small vacuoles
{volume of the order of 1000 um®). Sometimes when this happened,
the remaining vacuole would sesl the pipette entrance, thereby
sustaining the bulk of the pressure applied in the pipette and
relaxing the tension in the plasma membrane in the intrusion.
Under these conditions, the intruding portion of the protoplast
tended to squeeze off protoplasmic masses, usually containing a
small vacuole, into the pipette. This process of subduction could
be very clearly observed in the pipette.

DISCUSSION
In a preliminary report, we have suggested that the SSR of the

SURFACE AREA AND TENSION
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plasma membrane of isolated protoplasts may be described in
terms of two paradigms, an elastic law and a surface energy law
(28), Over short periods of time (seconds), the amount of material
in the plane of the membrane is conserved and deformations
follow a simple elastic relation. Over long periods of time (min-
utes), the tension reverts to its resting value, independent of the
induced change in ares, and thus, the deformations follow a
surface energy law.

In contrast, most previous analyses of membrane SSR have
employed an elastic or viscoelastic law, but the membrane studied
is usually that of the RBC, an atypically rigid membrane (9). (The
mechanical properties of the RBC membrane are comprehensively
reviewed by Evans and Skalak (6).) Since the suggestion that a
membrane may obey both an elastic law and a surface energy law
seems at first paradoxical, we shall discuss the manner in which
these laws arise.

In a fluid mosaic membrane under no tension, the attractive
and repulsive forces between membrane and water molecules are
exactly balanced, and the area occupied by each molecule has that
value which minimizes the free energy per molecule. If a tension
stretches this membrane without changing the number of mole-
cules in the membrane, then the area per molecule increases from
that value. Because for small deformations the free energy mini-
mum may almost always be approximated by a parabola, and
because the tension is the derivative of free energy G (2.21)
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F1c. 7. The behavior of nonacclimated protoplasts during the osmotic manipulations described in the text. F; and V; are the volumes in the isotonic
and hypertonic media and are related by the Boyle-van't Hoff law. A; is the original area at isotonic. The arrow signifies “approaches.” On the left is
represented a cell whose membrane tension {and therefore area) is maintained by suitable pressure in the pipette. That on the right has no such
constraint. Since the membrane of the cell never contracts, it does not lyse on (volumetric) re-expansion. The membrane on the right, however, not only
contracts elastically, but also loses membrane material to the reservoir. On volumetric re-expansion, it will lyse if not all of this material may be rapidly

recovered.
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with respect to area, one may define an area elastic modulus by
G
a4*

(see Israelachvili e al. (i1) or Wolfe (27) for a discussion).

Suppose, however, that the number of molecules in a membrane
is not conscrved and that there exists a pathway whereby a
reservoir may exchange material with the membrane. We define
the untensioned area A, as the area which would be occupied by
the molecules in the membrane at a given time if the membrane
was not subject to a tension. .In this case, a stretching of the
membrane raises the internal free energy, and if the addition of a
new molecule can relax that energy by an amount of energy
greater than that required to take it from its ‘reservoir’ to the
membrane, then new molecules would move into the membrane,
increasing A, in order to relax y (an example of Le Chatelier’s
principle). Further, the energy difference per unit area between
the reservoir and the membrane would be the equilibrium surface
free energy of the membrane (10, 27).

An elastic SSR will be time-independent if viscosity can be
ignored. (In this case, the rapid initial increase in 4 in response to
a sudden increase in tension shows that viscosity may be ignored
over periods of 1 s or more.) The time dependence of the SSR for
a system in which a surface energy law obtains will be determined
by the rate at which material can enter or leave the membrane. In
a pertinent example, when a bilayer which is contignous with an
organic solvent phase is deformed, the deformation law is an
elastic law if the deformations are rapid emough (high audio
frequencies [26]) but a surface energy law if the system has several
seconds to equilibrate (27).

We propose that a similar situation obtains in the plasma
membrane of protoplasts: sufficiently rapid deformations follow
an elastic law since there is not enough time for substantial
exchange of material, but over longer periods, a dynamic equilib-
rium is established between maierial in the plane of the membrane
and that in the reservoir. Thus, in addition to the intensive elastic
stretching, there is also the capacity for an extensive area change.
An increase in tension shifts the equilibrium so as to increase the
amount of material in the membrane; a decrease in {ension shifis
it in favor of the reservoir. The time for equilibration (if any} is
unknown, but is longer than 5 min when y = 4.00 mN m™" (Fig.
5).

We argue that the changes in area with time at constant tension
represent changes in 4o as membrane material is transferred
between the membrane and a reservoir. Thus, we divide the
change in area into its elastic and extensive components by writing

@

k,q =A (33)

A
AA(y) = KY Ao + B4o(Y,8)

In Figure 4, the first term on the right is represented by the sudden
changes in 44 when the tension is changed, and the slower
changes in A A represent A Ay In Figure 6, these terms are
specifically indicated. The results in Figure 5 also imply a change
in Ao, Rewriting Equation 4 gives

AA(y,
Ay= [k.q A(Y'):, —ka

)

GAo(y,t}

- ©®)

Because A is kept constant, the term in square brackets is very
nearly ¢constapt apd so the decrease in y with time is a resull of the
increase in 4o, Taking time derivatives

&), ()
\ot A at
A A

When y = 2 mN m™', the slope of the plot in Figure 5 is
approximately 3 X 1072 mN m™ s™. Therefore, from Equation 6,

©)
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the fractional rate of increase in 4, at this tension is about 1.2 x
10~ 57%, which is in the same range as the rates measured in
response to step increases in tension (Fig. 4). If we assume that for
very small changes in area in any cell 34q/at is only a function of
tension, then because Figure 6 shows d4o/8¢ to be strongly de-
pendent on vy, Equation 6 implies that ado/ar, the rate of incor-
poration of reservoir material into the membrane, increases rapidly
with increasing tensions. Extrapolating to higher tensions, the
capacity of the membrane to expand rapidly as the tension ap-
proaches that necessary for lysis will increase the probability that
a protoplast will survive rapid osmotic expansion.

The observation that the tension required to maintain a given
area relaxes with time suggests that over a sufficiently long time
this membrane obeys a surface energy law, ie surface tension
constant for all deformations. Such a result is implied by the
results of Kosuge and Tazawa (12) who measured the tension in
the plasma membrane of protoplasts from Boergesenia forbesii to
be approximately constant at about 200 uN m™" for deformations
of different shapes. Indeed, our observation that protoplasts iso-
lated in the same solution but equilibrated in hyper- or hypotonic
solutions exhibited the same range of resting tensions also suggests
that such a law may operate in the long term. Simple homogeneous
contraction is inconsistent with the approximate constancy of -
observed in osmotically contracted or expanded protoplasts and
the irreversibility of the contraction indicated by the studies of
Wiest and Steponkus (25). That a 15% alteration in area (which
is small compared to changes experienced during a freeze-thaw
cycle) does not measurably alter y. (measured at equilibrium)
requires that a homogeneous contraction have an area elastic
modulus (k) of <! mN m™. In principle, a aigar-zero value of k4
is possible for small contractions in a pure one-component lipid
membrane exactly at its critical temperature. However, even small
amounts of slightly different lipid species or very small concentra-
tions of protein remove the phase transition anomalies and pro-
duce k4 values 10 to 100 times larger than | ;N m™ (2, 14). The
plasma membrane is composed of many different lipid and protein
species and the phase transition of such a membrane is spread
over several teas of degrees (17) and so only small contractions
are possible at one temperature, Therefore, separate domains of
‘frozen’ lipids can contribute at most only part of the capacity to
contract, and because of the nature of phase separations, this will
be a reversible contraction. Therefore, on the basis of these and
previous observations (28), we appeal to the existence of a reservoir
of membrane area to absorb or provide membrane material during
a contraction or expansion, respectively, to account for the exten-
sive area change.

The existence of a reservoir in which meolecules have a lower
free energy than they would in a membrane at zero tension
explains the ability of a membrane to reduce its area during
osmolic contractions. Once volumetric contraction allows the
membrane tension to relax to zero, molecules (or aggregates of
molecules) move to the portion of the system with lower free
energy. When 2 surface is in equilibrivm with a reservoir and the
molecular free energy difference is constant for all deformations,
a surface energy law results, ie. y constant for all areas. As we
discuss below, the surface forces operating in a2 membrane are
large, of the order of 100 mN m™* (10, 11, 27), The observations
that v, is unchanged (in the range 0.1 + 0.1 mN m™") over an area
range of +15% indicates that a surface energy law is a good
approximation to the SSR in the long term (many minutes).

The (resting) tension of a membrane in equilibrium with a
reservoir is related to both the enthalpy and entropy of the process
of transferring molecules from one to the cther. Gruen and Wolfe
{10} derive the tension in a one-component bilayer
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where the reservoir consists of hggregates of N molecules in
concentration Xz whose standard chemical potential is uR. p$ is
the chemical potential of a molecule in the membrane when the
tension is zero, T is the thermodynamic temperature, k is Boltz-
mann’s constant, and @ is the area of a molecule in the plane of
the membrane. (Equation 2 of Ref. 10 has 1 /a instead of 2/a since
they define y to be the tension of one monclayer of the bilayer.)
The first term in Equation 7, the difference in chemical potential,
represents a very complicated quantity; it will depend on the
geometry of the reservoir aggregates and the environments of
both, including ion concentrations and transmembrane electric
fields. The second term is the contribution to the free energy of
the communal entropy of membrane aggregates. This term indi-
cates that, if all other variables are constant, v, will decrease for
large reservoir concentration and increase if some change produces
smaller aggregates. Values for this term are tabulated by Gruen
and Wolfe (10); it is a small value for large N, but (y.a) is also a
small energy. To illustrate this, consider the effect of changes in
Xr on y,, with all other variables constant. If Ay, is the result of a
change from Xz to Xx', then Equation 7 gives

N
—Z Ay, = In (Xe/X'z) (T2)

If N were, for instance, 1000, a doubling of X would decrease y.
by 11 pN m™. If N were smaller, the effect would be proportion-
ately larger. Given that very large expansion and contractions
would be expected to dilute and concentrate (respectively) the
reservoir, it would be of interest to see whether variation in v,
appeared over a larger area change than that examined here.

As possible identities for the reservoir in this case, we have
considered buckling or folding on a scale that is beyond the
resolution of the light microscope (in which case the last term in
Equation 7 is zero), or internal or external vesicles which are
formed from or incorporated into the membrane. It scems unlikely
that the very large, slow changes in membrane area could be
predominantly intensive. We believe that an intensive contraction
15 responsible for the elastic changes in area, but it is difficult to
imagine how such a contraction could be only slowly reversible.
It is unlikely that the very large area changes sustained during
osmotic manipulations are the result of similarly large changes in
the membrane area density, Studies of protoplasts subjected to
osmotic manipulations (22) indicate that large changes in area, up
to 3-fold, are possible. The hydrocarbon tails of lipids have a very
high volumetric modulus of elasticity (as does bulk liquid hydro-
carbon) and so any intensive change in area in the bilayer regions
of a membrane must involve a reciprocal change in the hydrocar-
bon thickness (11). It is difficult to imagine that a fluid mosaic
membrane could sustain 2 3-fold increase in area by undergoing
a 3-fold area change in thickness,

This qualitative argument may be supported quantitatively,
using crude arguments about bilayer mechanics. Following Israe-
lachvili ef al. (11), let us assume that the equilibrium area density
of a bilayer is determined by a balance between an attractive term
due to the interfacial energy y: of the hydrocarbon and aqueous
phases and an electrostatic repulsion between headgroups, yield-
ing the free energy per molecule (g)

g=vya+cfa” (b

where a is the area per molecule and ¢ and n are parameters of the
repulsion model, This yields a bilayer elastic modulus

v Ka=2n+ Dve (7

Taking » =1 (that is, ireating the headgroups as a two-dimensional
van der Waals gas, but remarking that any model must have n =
1 at the equilibrium area density) and putting y: equal to the
alkane/waler interfacial energy of 50 mJ m~® yields k4 = 200 mN
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m™’, a value similar to that obtained in this study for the whole
membrane (bilayer plus proteins). Thus, a 3-fold, intensive stretch-
ing would be expected to produce tensions of several hundred mN
m~" (and several times kT in energy per motecule). In this study,
membranes were found to lyse at about 5 mN m™".

Submicroscopic folds, vesicles, and lipid bodies have been
observed adjacent to the plasma membrane in ultrastructural
studies of some tissues (1). (Such folds would have to be stabilized
by membrane-membrane attraction in order to suslain a finite
tension.) Pleating or folding of the plasma membrane, however, is
not observed in electron micrographs of osmotically contracted
protoplasts (8). We suggest that vesicles are likely candidates for
the reservoir: though the external loss of vesicles large enough to
be visible under the light microscope is only rarely observed
during re-expansion of contracted protoplasts, submicroscopic
vesicles, either internal or external, are more commonly present in
electron micrographs. We note that the endocytosis of a vesicle of
radius r, from a protoplast of radius R changes the area by a
fraction (r./R)* and the volume by (r.,/R)’ so that a substantial
change in protoplast area could be thus achieved with negligible
change in volume, and so this model for contraction is not in
conflict with the observation that protoplasts behave as ideal
osmometers (23},

A reaction in which vesicles are continually exchanged with the
plasma membrane will have kinetics which are strongly dependent
on the tension in the membrane since a change in tension of |
mN m™ changes the free energy per lipid molecule by 0.06 times
the thermal energy (kT) (27). For a vesicle of some thousands of
molecules, this would imply a large change in the reaction free
energy (10). Figure 6 implies that in this system the incorporation
rate is strongly dependent on v,

Our value of 230 mN m™ for the area elastic modulus of the
plasma membrane of protoplasts is smaller than that of the RBC,
measured as 450 mN m™' by Evans and Waugh (7). This is not
surprising: the RBC has a reinforcing network of spectrin, whereas
the protoplast plasma membrane i1s here deprived of its usual
reinforcement, the cell wall.

Wobschall (26) has measured the elastic moduli of lipid bilayers
10 be 150 to 300 mN m™. Theoretical calculations of k4 for pure
lipid bilayers yield values in this range: from a molecular theory,
MarZelja (13) calculates that the contribution to k4 from the lipid
tails is 150 to 200 mN m™", and using a bulk surface tension
argument Israelachvili er al. (11) calculate ks = 200 mN m™,

The value of k4 for a real membrane is expected to depend on
its composition. k4 will be much lower if different lipid phases
coexist and will depend on the shape of the y-T composition phase
diagram (14). The effect of the presence of proteins will depend
on their concentration, the extent to which the protein molecules
themselves are laterally compressible, and the extent to which they
change the compressibility of the neighboring lipids. This last
effect is expected to be considerable if the lipids are in or near
their phase coexistence range of temperatures and tensions (2, 27).
The experiments reported here were carried out at room temper-
ature and 5o it is reasonable to suppose that in neither case was
there a substantial amount of solid lipid phase in the membrane
(17). Though preliminary experiments showed no significant dif-
ferences between k4 of acclimated and nonacclimated protoplasts,
it would be interesting to conduct similar experiments at lower
temperatures to discover whether the elastic modulus of the mem-
branes from nonacclimated plants decreases as higher melting
point lipids become capable of phase transitions in response to
changes in tension. This would be of particular interest since some
researchers have reported an increase in the concentration of lipids
with shorter or less saturated hydrocarbon chains in the mem-
branes of plants during cold acclimation (20).

Finally, the foregoing analysis of the SSR has led us to propose
a description of the molecular events which lead to lysis of
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membranes of nonacclimated protoplasts during an osmaotically
induced cycle of sufficiently large contraction and expansion, such
as during a freeze-thaw cycle. Upon exposure to hypertonic solu-
tions, the volume of a protoplast contracts and the tension in the
surrounding membrane is quickly relaxed to zero. A fractional
volume change of 3 X 10~ suffices, and this occurs within
milliseconds. Since at zero tension the membrane may contract
without doing work (and since the reservoir of a membrane with
a finite tension has a lower free energy per molecule [10]), the
reservoir-membrane equilibrium is altered slightly and material is
subduced into the reservoir, on a time scale of several minutes,
until the protoplast regains sphericity and a small resting tension.
When the protoplast is returned to isotomic conditions, water
begins to enter rapidly. This stretches the membrane elastically
and creates a large (several mN m™) tension. This induces a re-
incorporation of reservoir material. The area expansion rate is
determined by the osmotic conditions, the cell size, and the
hydraulic conductivity of the membrane. If reservoir incorporation
can reach a rate which equals the required area expansion at
tensions low enough to avoid lysis and if this rate may be main-
tained throughout the expansion, then the protoplast survives the
expansion as observed in acclimated protoplasts (21). That is,
survival of a given contraction-expansion cycle depends on the
extent of readily available material in the reservoir, and the rate
at which it may be reincorporated.

Thus, in Figure 7, protoplasts whose membranes were main-
tained under tension during volumetric contraction (surface area
conserved) transferred little or no membrane material from the
plasma membrane to the reservoir. In contrast, a considerable
transfer occurred in the unconstrained protoplasts, When the
protoplasts which remained under tension were returned to iso-
tonic conditions, their plasma membranes still had sufficienty
large area to surround the equilibrium isotonic volume. In con-
trast, when the unconsirained protoplasts were returned, the rate
of re-incorporation of membrane material was slow compared to
the influx of water, and so the intensive stretching component of
the area enlargement increased till the tension was sufficient to

lyse it.
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APPENDIX 1: MEASUREMENT OF SURFACE TENSION

A spherical membrane of radius R withstanding a hydrostatic
pressure difference P; must have a bifacial tension y = P1R/2. If
the pressure in the cytoplasm is P; and that in the pipette P, and
if the tension vy is equal in both the delimited region and that
outside the pipette, then y = PiR/2 = (P; — P)/2, whence _,
Equation 1. Equation 1 may be used directly to measure y in aff

protoplast which has been deformed in the pipette. Determinationg 2

of thie resting tension 1y, is less direct.

Inasmuch as it is necessary to deform the protoplast in order to
measure its tension, it is strictly impossible to measure the resting
tension y, of an undeformed protoplast. However, it may be
estimated by extrapolation to A4 = 0 of a plot of (A4,y) for small
deformations. Using small pipettes (¢ = 2 um) to impose small
deformations (D < a), the change in area is less than 0.2%, and
¥- may be equivalently estimated as the slope of a line through
(0,2/R) which is fitted to the initial portion of a plot of P versus
curvature of the membrane in the pipette.

This use of the elastimeter to calculate membrane tension
requires the assumptions that the hydrostatic pressure immediately
inside the plasma membrane is everywhere the same and that the
tension in the plasma membrane is the same in the sections inside
and outside the pipette. In all experiments where tension was
measured, the protoplast was positioned so that the vacuole did
not intrude into the pipette, thereby avoiding the possibility of a
portion of the cytoplasm being sealed between the tonoplast and
plasmalernma and experiencing a different hydrostatic pressure
from the rest of the cytoplasm.

The assumption of uniform tension in the membrane requires
that the friction at the pipette lip is negligible. In all observations,
the membrane appeared to slide freely over the lip and. to move
in the pipette without backlash. When cells were drawn completely
into the pipette forming rods =100 um long which pressed against
the glass for nearly all their length, pressures of only a few tens of
Pa were necessary to move them in either direction. We also
demonstrated that frictional forces were small, using a pipette with
a small indentation in the pipette lip. Protoplasts did not seal on
such a pipette, and when large negative pressures were applied,
the flow through the indentation cansed the protoplast to rotate
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on the pipette lip (at several revé.lutions/ 5), suggesting that friction
between membrane and glass was small,

APPENDIX 2: MEASUREMENT OF CHANGE IN AREA

Consider the spherical segment outside the pipette (Figs. | and
2). From simple geometry, its volume ¥, and area A, are

et {-4)7
i (-1

using bionomial expansions gives, for @ < R

2 ]
= 2 T _ 8
As_4W[R a IﬁRQ...]

(AD)

dd,
EE = 87R

(Ala)

dd, 2| 24\R
Now (a/R) is usually Y%, so to an accuracy of 0.3%
dv; _R
d4, 2
When a protoplast is deformed at constant volume

AV =35V, +8V,=0

. R 1{a\’
av. = —[I (i) ] <+ smaller terms

(Alb)

(Alc)

where the subscripts p and s refer to the portion in the pipette and
the large spherical portion. Also
dd, d4,
AA =84, + 64, = 84, + SV,-&E = A4, - 8V, (:17,) (A2)
In practice, §4, is rather larger than 2/ R(3V,) so that the approx-
imation that d¥, /dd, = R/2 is not critical.
The radius r of the spherical portion inside the pipette is given
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by

(A3)

, = 1 (DP+ 22D D=a
a D>a

From Equations Al and A3 and formulae for the area and volume

of a cylinder of length (D - a)

_|ma+ D" D=g.,
54 {ZmaD D>a%%

7D(D? + 3a*)

Now before the cell is deformed, the initial value of D, Dy = a%/

2R, and therefore
Mﬁ{ww“—Dﬁ D=a

m2aD —~ D —a¥y D>a

(A3)

D=g
D>a

g(D — Do){D? + DD + Dy* + 34%)
8V, =
-’65{6 Da* ~ 2a° ~ Do(Di? + 3a%)

and substituting Equation A5 in A2 gives Equation 2.

The absolute error in A4 is larger for larger protoplasts. Con-
sider a protoplast with tadius 20 um (among the largest encoun-
tered in the population) and a pipette of typical radius of 5 um. A
change in membrane tension of 2 mN m™ changes the hydrostatic
pressure in the proto?last by 200 Pa and thus alters its volume by
a factor of 2 X 107, or 6 pm®. This effect causes an error in
Equation 2 equivalent to an error of ~200 nm in the measorement
of D. Since this is a smaller distance than can be resolved optically,
it is neglected.

The accuracy of Equation 3 (which is equivalent to the validity
of the assumption that ¥ is constant) may be assessed directly in
an experiment using a relatively large pipette to produce large
area deformations, and measuring & and D {Fig, 2) for different
deformations. Again from geometry, R = (d° + a/2d and
substituting in Equation Al gives, for all 4

A, =n(a’ + d% V,= %‘f(d? + 3a%) (A6)
and Equations A4 and Aé give
A= WD*+22°+d) D=a
72Da+ 4 +d) D>a
Z[d(d* + 3a% + D(D* +3aY] (A7)

%[d(d"’ + 3% + 243D ~ a)]




